DOCUMENT RESUME 



ED 239 921 

AUTHOR 
TITLE 

INSTITUTION 

REPORT NO 
PUB DATE 
NOTE 

PUB TYPE 

EDRS PRICE 
DESCRIPTORS 



IDENTIFIERS 



SE 044 107 

D"Alli, Richard, Ed,; Greely, Ronald, Ed, 
Activitiei in Planetary Geology for the Physical and 
Earth Sciences* 

National Aeronautics and Space Administration, 

Washington , D*C. 

NASA^EP^179 

82 

184p,; Chart on inside front cover and photographs 
may not reproduce well. 

Guides - Classroom Use Guides (For Teachers) (052) 
HF01/PC08 Plus Postage. 

Astronomy' Cartography; Class Activi,tiesi *Earth 
Science* *Ga©logyi Learning Activities; *Lunar 
Research; Meteorology; Postsecondary Education; 
Resource Materials; ^Science Activities; Secondary 
Education; *Space Exploration; Teaching Guides 
Mars (Planet); Moon; PF Project; ^Planetary Geology; 
Planets 



ABSTRACT 

The activities,, in this guide deal with concepts in 
planetary geology, but they can be generalized to illustrate broad 
problems in the earth sciences. They are designed to supplement or 
introduce topics usually encountered in earth science courses. The 
exercises, organized into independent units which can be presented m 
any order, are appropriate for secondary and postsecondary education; 
however, most can be adapted to the elementary level as well. Each 
activity is printed twice: once in a form suitable for classrooni use 
with objectives, materials needed, background information, 
procedures, and questions; and again with answers and suggestions for 
the teacher inserted in the appropriate blanks. The following units 
and activities are included: (1) lunar phases (understanding phases 
of the moon); (2) planetary cratering (impact cratering and comparing 
cratering processes); (3) Aeolian processes (Martian wind tunnel); 

(4) planetary atmospheres (Coriolis effect and storm systems); and 

(5) geological mapping of other planets (photogeologic mapping of the 
moon, planets in stereo, landform mapping, and geologic features of 
Mars) Appendices provide information for ordering National 
Aeronautics and Space Administration (NASA) motion pictures and 
publications, sources of space photographs, suggestions for 
correlating topics of the activities, and a glossary of planetary 
geology vocabulary. (DC) 
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PREFACE 



This book is the outgrowth of a short course in Planetary 
Geology, conducted in the Spring of 1976 for high school science 
instructors from Fairfax County, Virginia, organized by Peter H. 
Schultzt and Ronald Greeley, then of the University of Santa 
Clara, California. WHMann Johnson, Fairfax High School Earth- 
Science Instructor, and Lee Ann Hennig, Fort Hunt High School 
Planetarium Director, were participants in the short course and 
agreed to take a primary role m preparing a previous edition of 
this book entitled Curriculum Guide in Planetary Geology for 
Earth Science Instruction, Using material from the short course, 
Johnson and Hennig tested some of the exercises in the classroom. 
From their experience, conversations with other participants, 
and use at Arizona State University, the exercises were modified 
for incorporation within this edition. Greeley and Schultz edited 
and guided the various drafts of the origrnal curriculum guide; 
D'Alii enlarged and edited that guide Into the present version. 

Wa recognize the need for continued classroom testing of 
the material Included in this book. User comments and sugges- 
tions for improvements are solicited and welcomed. 



Richard D*Alii & Ronald Greeley, 1982 
Department of Geology 
Arizona State University 
Tempe, Arizona S5287 



tCurrent address: Lunar and Planetary Institute 
3303 NASA Road 1 
Houston, Texas 77058 
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INTRODUCTION 



Contemporary earth science cours^a gen- 
erally include a modest introduction to the 
solar system. The justification is reasonable 
enough: the challenge of the earth sciences Is 
to understand the natural processes of the 
terrestrial environment, and the sun and 
planets are part of that total environment. But 
there are more compelling arguments for an 



expanded, perhaps central, role that curricu- 
lum planners should consider giving to plane- 
tary science. Those arguments, a few of which 
are outlined below, have inspired NASA to 
conduct short coursti in lunar and planetary 
science for earth science teachers at the second- 
ary and college leveL This book is a revised edi- 
tion of the results of one of those short courses. 



THE PLANETARY PERSPECTIVE 



^ Few, if any, natural phenomena can ever 
be understood in a figurative vacuum, isolated 
from their relationship with other natural 
phenomena. The planet Earth, even taken as 
one, enormous entity, is no exception. The 
natural forces that have driven Earth's evolu- 
tion and shaped Its surface are most likely 
operating elsewhere in the solar system. It is 
the job of the earth scientist to recognize 
those forces on all planets arsd explain why 
they are manifested on our world in ways that 
seem familiar, and on other worlds in ways 
that may not. 

The earth scientist is also concerned with 
earth materials, the building blocks of this 
planet. If there has been one illuminating by- 
product of space exploration, it has been the 
emergence of a unifying vision of the birth 
and growth of planets. Pictures of the planets 
sent back by spacecraft strongly suggest the 
fratentity of the Inner planets. Rocks and soil 
brought back from the Moon bear remarkable 
similarity, and of course, important differ- 
ences, to earth materials. Even spacecraft 
pictures of the jovlan satellites, planets them- 
selves by right of size, have astounded scien- 
tists with their exotic, but recognizable 
surface materfals. The American geologist 
T. C. Chamberlin (1843 - 1928) once wrote 
that when approaching a scientific problem. It 
was most important to maintain several— not 
just one--working hypotheses. Prior to space 



travel by man and machines there were, in 
fact, only terrestrial examples of planet- 
making materials and processes. Now it has 
become possible to take that all-important, 
scientific step of devising general theories 
from a collection of working hypotheses. The 
multiple working hypotheses come from the 
scenes of extraterrestrial environments, 

A major goal of science is prediction. 
Once primitive, generalized theories are for- 
mulated, experiments are designed to test the 
theories by their predictions. Some eKperl- 
ments that could address the problems of 
earth scientists simply cannot be performed 
on Earth, In a laboratory or otherwise, because 
of their monumental proportions* What could 
be more illustrative, elegant, or challenging 
than to consider the other planets as great 
experiments running under conditions differ- 
ing from those on Earth? The result may be 
not only to gain Insight Into planetary scale 
problems, but also to escape the somewhat 
limited and often myopic earthbound view of 
nature. 

Along thtss same lines, there is further 
reason to incorporate planetology into the 
study of earth science. The earth scientist is 
painfully aware that the dynamic processes 
active on Earth today have virtually wiped 
clean the very record of their own history. 
However, relicts and indirect evidence of our 
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own deep past exiit in various states of pre- 
servation on other pjanetary surfaces. A 
common tactic used by scientists to under- 
stand complex systems is to study simpler, 
analogous systems. While the Earth is a 
complex, turbulent, and sometimes delicately 
balanced system, the other planets may 
represent stages in the evolution of that 
system that, for one reason or another, have 
been arrested in their development. To avoid 
a touch of geocentric parochialism it must be 
said that the Earth may well be a simpler case 
of more complicated but as yet unstudied 
planets. 

Finally, the study of the Earth^and planets 
on a grand scale is not without prac^al bene' 
fits. Better analysis of the characteristics and 
motions of the atmosphere, sea, and exposed 
solid crust has proven to be of economic and 
cultural value. Meteorologists, for example, 
have been observing Earth's weather jince 



Ben Franklin's day. What has been missing is 
another model, another atmosphere to study, 
where the variables are different, but the 
dynamics are as definitive. We just may have 
found those requirements in the atmospheres 
of Venus, Mars, Jupiter, and Saturn, 

We are living in a time of revolutionary 
discoveries in earth science. Although we lack 
the historical perspective to say for certain, it 
is possible that the fundamental work in earth 
and planetary sciences over the last 20 years 
will be likened to Galileo turning the first 
teleicope toward the heavens. From a scien- 
tific standpoint, and perhaps also from that of 
a curriculum planner, earth science is a special 
case of the more general planetary or solar 
system sciences. This then, if for no other rea- 
son, is the motivation to study other worlds, 
to learn more about that celestial neighbor- 
hood in which we occupy a small, but life- 
sustaining place. 



ABOUT THIS BOOK 



Science education has been and will con- 
tinue to be an integral part of any scientific 
endeavor. When the National Aeronautics and 
Space Administration was created by act of 
Congress in 1958, its charter required the 
agency to . . provide for the widest practi- 
cable and appropriate dissemination of infor- 
mation concerning its activities and the results 
thereof." Part of that responsibility includes 
introducing young students to the scientific 
and practical results of space exploration. 
This volume has been designed to do just that. 

in the spring of 1976 a "Planetary Geology 
Short Course" was conducted by NASA in 
cooperation with the University of Santa Clara 
and the Fairfax County, Virginia, Public 
School System, The participants were earth 
science teachers and planetarium directors 
from the northern Virginia school system. 
The objective of the short course was to 



introduce the teachers to activities in (and 
sources of information about) planetary geo- 
logy, which could be used in their classrooms. 
Specific topics were discussed by noted 
scientists who specialize in lunar and plane- 
tary geology, climatology, geochemistry, and 
other related fields. Many of the activities in 
this book are adaptations of actual exercises 
used in the short course. The course was 
directed by Dr> Ronald Greeley, presently at 
Arizona State University, and Dr. Peter Schultz 
of the Lunar ffnd Planetary Institute in 
Houston. 

The activities in this book have been 
designed either to supplement or to introduce 
topics usually encountered in earth science 
courses. Consistent with the rationale outlined 
in the preceding paragraphs, most activities 
deal with new concepts In planetary geology, 
but, when generalized to include terrestrial 
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processes, can iliustrate br^ad problems in the 
earth sciences, The exirci5ss have not been 
keyed to any particular text; rather, each one 
can and should address concepts as indepen- 
dent units. There Is no implied preferred 
sequence of presentation or level of sophistU 
cation based on the order of appearance of 
the activities, 

Depending upon the persuasion of the 
instructor, most activities can be adapted to 
almost any level of instruction, theoreticaily 
from elementary ischool to undergraduate, by 
the appropriate rnodification of the questionR 
and adjustment of expectations for answers, 
A list of suggested correlations of activities 
with topics commonly covered in earth science 
courses has been included for the convenience 
of the instructor. 
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SPECIAL NOTE TO THE TEACHER 



This publication is not a ranventional 
activfty wofkbook. TTiere are several important 
points that Instructors stiould bear In nnind 
whils using it. 

Each activity Is printed ttA/ice, once in a 
format su'rtable for classroom use, and again in 
the same format with answers and sugges- 
tions inserted In the appropriate blanks. This 
eliminates the need to refer to an answer key 
listed either in a separate publication or in a 



compact addendum. It should also be a con= 
venience for the teacher. 



No copyright laws apply to this publica- 
tion. Duplication or reprinting of any or all 
materials are strongly encouraged. 

It is our hope that this book can be a 
valuable resource in teaching the physical, 
Earth, and space sciences. 



Planetary Geology Program 
Arizona State University 
Tempe, Arizona 85287 
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THE LUNAR PHASES - 



ie activities presented in this unit deal with observirig the changing lighting condition£on 
,n. The Sun appears to rise and set over the lunar suriacejust as Jt does on Earthrbuf with 
difference- instead of t^e average twelve hours between sunrise and sunset there are nearly 
»ks in-one luniF^dayT After performing the simulations on the following pages, it should 
r to visualize how that might look on the Moon, and why that translates into phases of the 
1 seen from Earth. 

(Instructor's Note} 

here are three levels of Questions in the activity: those plainly numbered, those with a 
sterisk and those with a double asterisk. This ts an attempt on the part of the authors to 
le difficulty of the questions. Those without an asterisk should be the least difficult, those 
louble asterisk, the most difficult. 




Name 

Class Date ^ 



UNDERSTANDING THE PHASES OF THE MOON 



OBJECTIVES 

1, To simulate the phases of the Moon with classroom models, 

2, To demonstrate the effects of the special revolution arid rotation rates of the Moon, 

3, To generalize these findings to the other planets, 

MATERIALS 

T Floodlamp in bowl-shaped socket/reflector 

2. Sphere, ball or globe close to or larger than 2d cm (8") in diameter 

3. Grease pencil or chalk to mark the sphere^ ^ 

4. Pencil and paper 

For use with optional advanced activity: 

5. 35 mm camera, preferably with at least a 135 mm teiephoto lens 

6. Plus-X or Panatomic-X black and white film and processing materials - 

7. YTTpod ^ 

8. Protractor, preferably with a string-and-weight plunibjine 



Many legends have been passed down thrdugta history to explain the daily changes In the 
fraction of the face of the Moon that ii illuminated. Of course scientists have known for hundreds 
of years that the revolution of the Moon a'^oUnd the Earth In spaci causes these changes In lllu- 
nriination, or phases of the Moon, 

The Moon, just as everything else we see in 6ur natural environment. Is illurriinatid by 
light from the Sun. We see it because It reflects that light back to Earth. 

Since the Moon revolves around (orbits) the Earth, it connes between, but not always in 
front of, the Sun and the Earth once a month, and similarly moves behind, but not always directly 
behind, the Earth. You will now demonstrate how this creates phases. 



PROCEDURE AND QUESTIONS 

1. One student should sit in a chair and represent the Earth. Fasten the floodlamp to som& 
stable object one meter (3') t^bove the floor and 2 meters (6') away, pointing toward the 
chair, /t ts recommended that a student not hold the lamp, because it will get very hot. 
Another student, holding the sphere about one meter above the floor, will walk In a circle 
counterclockwise around the chair about one meter away, stopping at every position marked 
by a circle in the diagram. 

2. Turn on the floodlamp. The student In the chair (Earth) should draw in the nine open circles 
{positions or the Moon) on the diagram how the Moon appears to be illuminated, 



The Moon about 4 days old. This phase is callid 
the waxing^crescent. Waxing means "growing/' 
while i^ny phase between new and first quarter 
is cfescent shaped. 



ThB Moon 7 days old. This is the first quarter 
phase that occurs when exactly one-half of the 
Earth-facing (nearside) hemisphere of the Moon 
is iliuminated. The bright haif faces the western 
horizon. 



The Moon a little more than 10 days old. This 
is known as the waxing gibbous phase. Gibbous 
means any fraction of illumination between 
half (first or last quarter) and full. 



The Moon 14 days old. This is the familiar fuli 
Moon, The exact moment of.full Moon occurs 
when the Moon is precisely opposite the Sun in 
the sky, Notice that ths craters are not as dis- 
tinct but the ray pattirrfS show up ver.y wBlL 



Fig. h 1: Telescopic photographs of the Moon. The total length of time required for the Moon to go 
through one complete cycle, called the synodic month, is 29'/3 days. 





The Moon 18 days old. This is called the waning 
gibbous phase. Waning means ^'shrinking/' Any 
phase between full and last quarter is known as 
waning gibbous. 



The Moon 22 days old. This is the last quarter 
Moon, Exactly half of the Earth-facing hemi- 
sphere ii lighted. The bright half faces the 
eastern horizon. 





The Moon a little more than 24 days old This 
is an example of the waning crescent phase. 



The Moon 26 days old. This is also a waning 
crescent occuring just before new Moon, begin^ 
ning a new cycle. . 



(Photos courtesy of e. A. Whitaker, University of Arizona,} 



EKLC 




4. How long does It take for the Moon to compiete one orbit of the EartiJ? 



5, How long is it between new moon and full moon? 



6. How long is it between full moon and either quarter moon? 
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*1. 



Is only one-quarter of the surface of the Moon illuminated during the flrst-quarter mooi 



*8. Look at the picture of the full Moon in Fig, 1.1. Why do you think some places on the fai 
of the Moon are brighter than other places? 



*9. What does the "quarter" refer to in the label first-quarter? 



10. Would you expect the reflected spectrum of moonlight to match the spectrum of sunligh 
Why or why not? 



11, You can see from the photographs In Fig. 1.1 that the' Moon always keeps the same fe 
tures pointed toward the Earth, Mark the sphere (Moon) on its equator with a large \ 
The student holding the sphere should line up the X with some object in the classroor 
Then he should walk around the chair (Earth) keeping the X constantly lined up with tl 
distant Object This represents an orbiting Moon that does not spin (rotate). The stude 
representing Earth should describe what he sees in the space below. Discuss, 



12, Now the student holding the Moon should walk around the chair always keeping the 
pointed toward the chair (Earth), 

13. How fast must the Moon rotate so that the same features are always seen on Earth? 



14. Is the far side (the face we never see) ever illuminated? If you think it is, then when ar 
why? 
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**15. Propose a reason for the Moon always keeping the same face toward Earth (period of rota- 
tion = period of revolution). 




Fig. L2: A most unusua I now moon, B eaa use th e o rbit 
of th@ Moon iS not level with the Earth's orbit around 
the Sun (the Moon's orbital plane Is inclined 5^ to the 
ecliptic)^ the new moon does not always line up pre- 
cisely between the Earth and Sun. But periodically 
it does, casting a shadow down to the Earth 's surface. 
This pradLWss the solar eclipse shown here. Photo by 
Richard D 'Alii 
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UNDERSTANDING THE PHASES OF THE MOON 
flnstriicror's Key) 

G 





!^ ^ vy. 



Study the photographs of the Moon in Fig. 1.1 and 1.2. Write the name of the phase repre^ 
sentecl hy each of the positions of the "Moon" in the preceding diagram. 

A*! new nwon 

p. wa^^^ng gibbous 

CJ, last cjunfter 



B . wci X if Uj cresc en t 



C, first quarter 
F , ivjr7ing gibbous 



How long does it take for the Moon to complete one orijit of the Earth? 
27 1/3 (Niys 

How long is it between new moon and full moon? 
about 14 c/oys 

How long is it between full moon and either quarter moon? 
iibuut 7 days 



.,1 
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is only one quarter of the surface of the Moon iiluminated during the flrst-quartir moon? 

No. 

Look at the picture of the full Moon in Fig. 1.1. Why do you think some places on the face 
of the Moon are brighter than other places? 

The dark patch&s. or lunar mafia, are depressions fiUed with tasaftic lawas which are inherent/y' 

unrker than the predaminantiy snorthosftic rocks of tha cratered highlands. The maris are 

aiso significantly smoother than the rugg&d aratered highlands (topographic control of refiectionh 



*Q. What does the 'quarter" refer to in the label first^quarter? 

. ^ .*.3w- fhrf-Minh if^ DHB^p cycip for nrhit). 



MO. Would you expect the reflected spectrunn of moDnlight to match the spectrum of sunlight? 
Why or why not? 

No; although the Moon is iiluminated by a continuous, white^Hght spectrum, its reflectance 
spectrum is controlled by the chemical and physical properties of the surface rocks.. 



11. You can see from the photographs in Fig, M that the Moon always keeps the same fea^ 
tures pointed toward the Earth, Mark the sphere (Moon) on its equator with a large X. 
The student holding the sphere should line up the X with some object in the classroom. ^ 
Then he should walk around the chair (Earth) keeping the X constantly lined up with the 
distant object,. This represents an orbiting Moon that does nor spin (rotate). The student 
representing Earth shouid describe what he sees in the space below. Discuss, 

The Earth should see the X appear to rotate around the Moon's axis. 

12. Now the student holding the Moon should walk around the chair always keeping the X 
pointed toward the chair (Earth). 

13. How fast must the Moon rotate so that the same features are always seen on Earth? 

It must rotate at the same ahgular speed with which it revolves; that is, it must take the same 
time to complete one spin on its axis as one revolution about the Earth. 

M4. Is the far side (the face we never see) ever illuminated? If you think It is, then when and 
why? 

Y&s, ft goes through phases also. During new moon as defined on earth, the far side is 
fully illuminat&d as seen from the Sun. 
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Propose a reason ror tne ivioon aiways Keeping me same race lovvaru cartn \perioa oi ruia- 
tion = period of revolution). 



Orw suggestion has been a gravitationa! lock with Earth sines tne Moon's cent&r of mass is off sat from the 
center of figure toward Eartfh 




Fig. hS: A most unusuai new moon. Because the orhft 
of The Moon is not levBl with the £arth^s orbit around 
the Sun {the Moon's orbitaf piane is inclined 5^ to the 
ecliptic), the new moon does not always fine up pre- 
cisely between the Sarth and Sun- But periodically 
it does, casting a shadow down to the Earth's surface. 
This produces the solar eclipse shown here. Photo by 
Richard O 'Alii 
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UNDERSTANDING THE PHASES OH THE MOON 
(Intermediate ActPvity) 



PROCEDURE AND QUESTIONS 

1 Remoye the chair. The student representing Earth should stand up. You will now simulate 
the motions of Earth and Moon day by day. Turn on the floodlamp. Place the Moon near the 
lamp but do not block the light. The student representing the earth should stand so that the 
Moon and Sun are immediateiv to his left. The Earth (student) should then begin a slow turn 
on his heels (rotation) counterclockwise, /n the same time it takes for the Earth to compfete 
one rotation, the Moon (student) shouPd advance about 20 cm counterclQckwise in a circle 
still 1 meter' from the BartK The student representing EDrth should now descrihe exactly 
what he sees by using the following questions as a guide, 

2. Wh/n you begin this activity, it is 6 am on the day of the new moon. How do you know this? 



3, In which direction has the Moon moved in the sky relative to the Sun? 



4. REPEATTHE INSTRUCTIONS FOR 6 MORE EAR iH ROTATIONS. 
In what phase is the Moon now? 



5. What time does this phase of the Moon rise above the horizon? (Hint: You can tell this 
from the position of the Sun.) 



6. REPEAT THE INSTRUCTIONS FOR 7 MORE EARTH ROTATIONS. 
Wh^t time does the full moon rise? 



7, What time does the full moon set? 
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8, Fill in the blanks in the table below: 

PHASE MOON RISE MOONSET 

New 6 am 

1st Quarter 
Full 

Last Quarter 

FOR DISCUSSION AT ALL LEVELS 

9. When Gaiifeo first turned his telescope toward the heavens in 1609, he wrote; The Mother of 
Love rivals the phases of Cynthia: that is, Venus imitates the phases of the Moon A This 
fundamenta! discovery can be restated to say that all planets nearer to the Sun than the 
Earth go through phases as seen from Earth. Why? The outer planets (Mars and beyond) 
never show a complete set of phases to us. Why? 



6 pm 



tFrom Omer etaL, Physical Science: Men and Concepts, University of Florida Press, copyright 1969. 



UNDERSTANDING THE PHASES OF THE MOON 
(intermediate Activity) 

(Instructor's Key) 

PROCEDURE AND QUESTIONS 

1. Remove the chair. The student representing Earth should stand up. You will now simulate 
the motions of Earth and Moon day by day. Turn on the floodlamp; Place the Mdon near the 
lamp, but do not block the light. The student representmg the Earth shouid stand so chat the 
Moon and Sun are immediately to his left. The Earth (student) should then begin a slow turn 
on his heels (rotation) counterclockwise, fn tfw saf7w rime it takes for the Barth to comp/ete 
one rotatioth the Moon (student) should advance about 20 cm CQunterclockwise in a circle 
still 1 meter from the Earth. The student representing Earth should now describe exactly 
what he sees by using the following questions as a guide. 

2. When you begin this activity, it is 6 am on the day of the new moon. How do you know this? 
Both the Moon and Sun arj exactly on the eastern horizon fBssummg the observer is 'booking south'l. 

3. In which direction has the Moon moved in the sky relative to the Sun? 
The Moon has drtfted behind or moved eastward from the Sun. 

4. REPEAT THE INSTRUCTIONS FOR 6 MORE EARTH ROTATIONS, 
in what phase is the Moon now? 

It should be in first guarter, 90° eastward (behind) the Sun. 

5. What time does this phase of the Moon rise above the horizon? (Hint: You can tell this 
from the position of the Sun/) 

Noon. 

6. REPEAT THE iNSTRUCTIONS FOR 7 MORE EARTH ROTATIONS, 
What time does the full moon rise? 

Six pm or sunset. 

7. What time does the full moon set? 
Six am or sunrise^ 
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Fill in the bianks in the table below: 



PHASE MOON RISE MOONSET 

New 6 am 6pm 

1st Quarter 12 noon 12 midnight 

Full 6 pni 6 ani 

Last Quarter 12 midnight 12 noon 

FOR DISCLSSlQN AT ALL LEVELS 



When Galileo first turned his telescope toward the heavens in 1609, he wrote: The Mother of 
Love n\/afs the phases of Cynrhia: that is, Venus imitates the phases of the Moon/^^ This 
fundamental discovery can be restated to say that all planets nearer to the Sun than the 
Earth go through phases as seen from Earth, Why? The outer planets (Mars and beyond) 
never show a complete set of phases to us. Why? 

The inner planets pBriodicaUy pass between the Sun and Earth and continue in their orbits behind the Sun. 
When viewed from Earth (outside their orbits), the inner planets show us their dark hemispheres when they 
pass between the Earth and Sun. They are fully illu/ninated when they pass behind the Sun (see diagram). 
The pf^nets outside Earth orbit will always appear nearly fully illuniinated since the Sun is always "to our 
bdCk as we look ouiward. 



y 2 ^'^^n from 




VENUS GOES 
THROUGH PHASES 



MARS DOSS NOT 
; GO THROUGH PHASES 



seen from Eg 



rom Omer et aL^ Physical Science: IVfen and Concapts, University of Florida Press, copyright 1969. 
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UNDERSTANDING THE PHASES OF THE MOON 
(Optional Activity) 



PROCEDURE AND QUESTIONS 



Each student should actually observe the Moon through at least two G^mplete cycles. The 
student should go outside to a safe location with an unobstructed view^.f the eastern hori^ 
zpn at the same tirm (say, 9:00 pm) every night. Beginning on the night of a new moon; , 
the student should record the date, time, sketch the phase, and estimate the approximate 
altitude in degrees above the horizon, A table similar to the one below should be kept: 



DATE 


TIME 


SKETCH OF PHASE 


ALTITUDE 


Oct. 28, 1979 
Oct. 29, 1979 


9:05 pm 
8:55 pm 


cloudy 
(Moon not visible) 


about 45* above 
western horizon 



rYou can get the date of the new moon from several sources- 
almanacs, local museums, or your school or public library. 



certain calendars, newspapers. 



* (Optional Advanced Activity) 



A common impression is that the harvest moon, the large orange-colored full moon rising 
after an autumn sunset, is quite a bit bigger than the normal full moon. To test this notion, 
a student can photograph the Moon to make an unbiased record of its size. 

Set a 35 mm camera on a tripod on level ground facing the eastern horizon. The camera 
should be loaded either with Plus=X or Panatomic-X black and white film. A long focal length 
lens should be used. A 13S-mm telephoto lens will suffice, although longer lenses are prefer- 
able When the harvest moon is just above the horizon, make several exposures at settings 
close to and Including the ones suggested in the table at the end of the activity. Wait about 
4 hours. Aim the camera at the Moon and take several exposures as before now that the 
Moon is high in the sky. Develop the film; prints are not necessary. Using the most accurate 
scale available {a vernier caliper or finely divided metric rule), measure the size of the Moon s 
image on the negative. 
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Can you detect a noticeable difference in image size between the harvest moon at moonrise 
and the same full moon later in the same night? 



Explain your results. 



What could cause the impression of a larger=than-normal harvest moon? 



Suggested carnera settings for photographing the fui! moon: 

FILM ASA SPEED APERTURE SHUTTER SPEED 

PlusX 125 f/ie 1/500 

Panatomic^X 32 f/ 5,6 1/125 
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UNDIRSTANDING THE PHASES OF THE MOON 



{Optional Activity) 
(Instructor's Key) 



Can you detect a noticeable difference In image size between the han^^-st moon at moonrise 
and the same full moon later in the same night? 

ThBre should no detect nhlQ di fference in siie.. 
Explain ' our rysiiils. 
The effect Is an Illusion. 

What couid cause tlie impression of a larger^than^normal harvest moon? ' 

Whan the Moon is low on the horizon. Its size can he compared with normal objects (trees, buildings, etc J 
ond appears quite large. When high in tne sky, there are no dose reference abject it iS then difficutt to 
judge its size or cotnpare it to the apparent size near the horizon. 

Suggested camera settings for photographing the full moon: 

FILM ASASPEED APERTURE SHUTTER SPEED ' 

PiusX 125 f/16 1/500 



Panatomic-X 



32 



f/ 5.6 



1/125 



ERIC 



UNIT TWO 



ACTiVITIES IN PLANETARY CRATERING 

The following activities demonstrate the fundamental principles of impact crater formation. 
They are only simulations. 1 rue impact or volcanic craters are fornned under conditions that exceed 
by far your ability to duplicate in the classroom. The physical variables do not scale upward in a 
simple way to compare with actual crater formation. However, the appearance of the crater models 
formed in these activities closely approximates that which is observed on planetary surfaces. The 
activities, therefore, are excellent for stimulating discussions on the lunar landscape, terrestrial 
craters and the evolution of planetary surfaces. 

In the impact cratering experiments the student will study the craters created when objects 
of different masses and travelling with different velocities strike a target of fine sand. There are sev^ 
eral important concepts to be learned: 

1. There is a relationship between the velocity and mass of the "meteorite" and the size of 
the crater. 

2. Craters can be divided into distinct zones: floor, wall, rim, ejecta materials and rays. 

3. The relative age of surface features can be estimated using craters. 

The activity on comparing cratering processes is a natural extension of the impact expert^ 
ments. Because the majority of craters found on planets are produced by impacts, it is logical to 
perform that activity first. 

On Earth explosion craters are formed by large-scale events such as nuclear explosions. With 
the exception of subtle differences in the ejecta patterns, explosion craters are to some degree 
analogs for impact craters. Craters can also be formed during volcanic eruptions. These craters are 
typically seen either on volcanic summits or on the flanks of volcanic cones. Volcanic craters have 
also been identified on the Moon, Mars, and most recently as active volcanoes on lo, one of the 
satellites of Jupiter, An excellent activity to follow these laboratories Is the showing of th^ film 
"Controversy over the Moon.*' See HOW TO ORDER NASA MOTION PICTURES in the appendix. 




Fig, 2, 1 : The best preserved meteorite crater in North 
America is the Bar ringer Crater at the Meteor Crater 
Registered National Landmark, Winslow, Arizona, It 
was created between 20,000 and 30,000 years ago by 
a n/ckel'iron meteorite weighing about 7 50,000 metric 
tons. The crater is 1.2 kilometers in diameter and 120 
meters deep, but the meteorite was probably only 
about 30 meters in diameter, or roughly about the 
size of the building on the edge of the crater. The rea- 
son such a relatively small meteorite created such a 
large crater is because the meteorite was moving at 
about IS kilometers per second (9 miles each second} 
before impact. Coupled with its large mam, the high 
velocity of the meteorite gave it a huge amount of 
kinetic energy. All that kinetic energy released in a 
matter of seconds during impact can excavate quite a 
large hole in the ground, (Because of the low speeds 
and masses used in this activity, the craters you create 
will be only slightly— 2 to 4 times— larger than the 
projectile ("meteorite") used J 



IMPACT CRATERING 



OBJECTIVES 

1. To model impact craters in the laboratory. 

2. To recognize the conditions that control their siie and appearance. 

3. To understand their influence on the geology of a planet. 



MATERIALS 

1 . A tray or very strong box at least 2 feet on a side and about 4 inches deep 

2. A large supply of extremely fine sand, 80-100 if possible 

3. Four identical marbles or small ball bearings 

4. One steel ball bearing about V2 inch in diameter 

5. Three solid spheres about 1 inch In diameter, all the same size but made of different materials (example: 
glass, plastic, steel; or glass, wood, aluminum; etc.) 

6. Meter stick .; 

7. 10 cm ruler 

8. Kitchen tea strainer 

9. Two dark colors of dry tempra pamt (powder): e.g. red and blue 

10, Toy slingshot 

1 1 , Safety glasses or goggles 

12, Large pack of assorted marbles 

13, Laboratory balance to weigh projectiles 

14, Watering or sprinkling can or plant mister 



impact craters are those craters formed when meteorites strike the surface of a planet. They 
are found on ail of the terrestr/ai pfanets, on Earth's Moon, and on many of the satellites of the 
outer planets. Impact craters are not easily recognized on Earth because of the intense weathering 
and erosion that wears away its surface. On the Moon over 80 percent of the surface looks much 
the same as it did over 3 1/2 billion years ago, heavily cratered and very rugged. About half of the 
surface of Mars is also ancient, but preserved cratered terrain. Although only 40 percent of 'Mercury 
has been photographed by spacecraft, over two-thirds of Its surface is heavily cratered. 

Various geological clues and studies of the lunar rocks returned by the Apollo missions indi^ 
cate that about 3,9 billion years ago asteriod^size chunks of matter were abundant in the solar 
system. This was a time of intense bombardment of the young planets, affecting Earth by breaking 
up and modifying parts of its crust. Mountain building, plate tectonics, weathering and erosion have 
largely removed all traces of the Earth's early cratering period. But the near absence of weathering 
on the Moon has allowed the evidence of this ancient period (considered to be the last stage of 
planetary accr&tfon) to be preserved. _ - 

The Mariner 9 and Viking spacecraft pictures demonstrate the importance of both impact 
craters and wind erosion on the surface of Mars, In this activity you will begin your study of craters 
created by projectiles (meteorites) of different masses, moving at different speeds and striking 
a target (planet surface) of sand. 
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Name 
Class _ 



Date 



PART A: THE FORMATION OF CRATERS 

The following experiments deal with the relationships among projectile mass, velocity and 
crater size. Impacts Involve the transfer of energy from the projectile to the target (ground). 
Kinetic energy (energy of motion) Is defined as: K,E. ^ 1/2 mv^, where m ^ mass and v - final 
velocity. 

PROCEDURE AND QUESTIONS 

T The Importance of Mass, Pour sand Into the tray to a depth of at least 3 inches. Smooth the 
surface of the sand with the edge oF the meter stick. Divide the surface into two equal areas. 
Weigh each projectile and record the mass in the table. From a height of 2 meters (6 ) drop 
each of the large spheres (three different types) Into one area. Carefully measure and record 
the diameter of the craters formed by the impacts without disturbing the sand. Fill in the 
table below: 



OBJECT TYPE OF OB JE ZT 

Sphere #1 flm cm 

Sphere #2 cm 

Sphere #3 ' gm ^ cm 

2. Look at your results carefully. Which sphere created the largest crater? 



3, What is the on/y difference in the way each crater was made? 



4. Each sphere represents a meteorite. What can you say about the importance of the mass of a 
meteorite in making a crater? 



5. Did any sphere appear to fall faster than the others? Did It really? Why or why not? 
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6- The ImportanGe of Velocity. Locate the four identical marbles. Weigh each marble and 
record its mass below. Drop one marble into the second area from a height of 10 cm and 
another from 2 meters. The third projectile should be launched from the snngshot extended 
23 cm (9"), the fourth, from the slingshot extended 36 cm (14''), Without disturbing the 
sand, carefully measure the crater diameter. 

CAUTfON^ THE SLINGSHOT iS A POTENTIALLY HAZARDOUS DEVICE. USE EXTREME 
CAUTION WHEN IT IS EMPLOYED IN THIS ACTIVITY. UNDER NO CIRCUMSTANCES 
SHOULD IT BE AIMED HORIZONTALLY. 

Complete the following table: 



10. 





VELOCITY 


MASS 


CRATER DIAMETER 


Marbie 1 


140 cm/sec 


gm 


cm 


Marble 2 


626 cm/sec 


gm 


cm 


M'srb!© 3 


1000 cm/sec^ 


gm 


cm 


Marble 4 


3000 cm/sect 


gm 


cm 



tapproximate 

7. Did you measure any difference in the diameters of the craters? 

8. What is the only difference in the way each crater was made? 



9. In this case each marble (meteorite) had the same mass. What did dropping two marbles from 
different heights and propelling the other two accomplish? 



Besides diameter do you notice any other difference in appearance among the craters? 



IT Which do you think is more important in creating larger craters, more mass or more velocity? 
Why? . 
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12. Calculate the kinetic energy ^upon impact for each marble in Question 6, 



K£ 

Marble 1 ©rgs 

Marble 2 ergs 

Marble 3 ergs 

Marble 4 .... . ............ ............ .......... ergs 

13. Examine the results in Part A. Summarize your conclusions regarding the size, mass, and 
vaiocity of impacting projectiles, and its kinetic energy (Indicated by the size of the resulting 
crater). 



PARTB: THE STRUCTURE OF A CRATER 

T Remove M projectiles from the sand and smooth the surface well- Again divide the tray into 
two areas. With your instructor's help sprinkle a very fine layer of dry tempra color over the 
sand using the tea strainer. The layer of colored powder should cover the surface just enough 
to conceal the white sand. 

CAUTION: WEAR THE GOGGLES AND BE SURE THAT NO GLASS OR BREAKABLE MATE- 
RIALS ARE IN THE VICINITY OF THE ACTIVITY. 

2. Use the slingshot to shoot the 1/2" steel sphere vertically into the sand, DO NOT DISTURB 
THE CRATER IN THE FOLLOWING STEPS, 

3. Draw two pictures, one in each box on the next page, of the crater, one iooking down from 
above (map view) and one as seen from ground IbvbI (elevation or side view). 



Mf mass is measured In grams and velocity in cm/sec, then kinetic energy is given in ergs, or gm X 
cm^/sec^. For comparison the energy equivalent of one calorie of heat is 4=2 X 10 ergs. 
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4. 



5, 



6. What do you think caused the crater rim to form? 



The colored powder represents the most recent sediment deposited on a planet's surface. Any 
material beneath the top layer must have been deposited at an earlier time (making it physi^ 
cally older)^ If you were examining a crater on the Moon, where would you probably find the 
oldest material? Why do you think so? 



PART C: CRATERING AS GEOLOGIC PROCESS 

1. In the second area create another crater as in Part B, Locate the large pack of assorted marbles. 
Drop each marble In the pack from an arbitrary height into the second area so that each one 
impacts at a different speed. Be careful to drop the marbles near but not directly on top of 
the crater formed by the slighshot method. Watch the process very carefully as you do it ^ 
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2. 



How does the appearance of the original crater from Part B change as you continue to bom- 
bard the area? 



3. What do you think is an important source of erosion on the Moon? Look very carefully at 
Fig. 2.2. 



4, Do all the craters have the same fresh, sharp, new appearance? Describe the various appear- 
ances. 



5. VVhat do you think has happened in this area? 



6. How large is the central crater in the photo? The width of Fig. 2.2 is approximately 150 km 
(1" ^ 25'km), 



7. Are all craters bowl=shaped? Describe, 



8. What everyday events have you observed that are similar to those which form a cratered terrain 
as in the photo? 



*9. From all that you have seen, what does the appearance of a crater tell you about its age? 
Explain. 



PART D: THE EFFECT OF INCIDENCE ANGLE 

1. The target (surface) into which a projectile (meteorite) impacts also helps to control the final 
crater*s form. The angle of incidence is also Important, You will now investigate both of these 
variables. 

It is important to control all other variables. Be sure to use Identical projectiles in each of the four 
parts. It Is suggestedthatyouuseaslmpjedevlce(e.g.,apieceof string) to ensure Is 
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stretched the same distance each time {controlling the velocity). For best results the projiCtiie 
must irnpact at hiqh velocity: therefore, the sMngsnot should be greatly sxTendsd. THIS AC I I VlTY 
IS POTENTIALLY THE MOST HAZARDOUS, 



2, Mix the sand in the tray thoroughly, adding more sand if necessary, to return the sand to a 
uniform color. Remove all projectiles. Smooth the top again with the mater stick. Divide the 
tray into four equal areas. Again sift a layer of tempra color over the entire tray, 

3. In one quarter^section produce a crater using the slingshot to launch a marble fired normal 
(at ^0^ or vertical) to the target surface. On the page provided sketch a plan (map) view and 
cross section of the crater. Be sure to sketch the pattern of the e/ecm Where d^d it come from? 



VVhnr v^^ould you exnect to find beneath the ejecta^ 



4. In the second quarter=section, produce a crater with a marble launched at about 65^ to the 
surface (estimate the angle). Sketch the crater In the appropriate place. Is there a marked 
difference between the two creters or ejecta pattern? 



5. In the third quarter section, produce a crater with a marble launched at about 40^ to the 
surface. Be sure no one is "down range" in case the projectile richochets. Sketch the crater. 

6. In the fourth quarter section, produce a crater with a marble launched at about 5-10^ to the 
surface. Be sure no one is "down range" in case the projectile richochets. Sketch the crater. 
Note the asymmetric cross section. 

7. Examine the sand craters and your jketches. What are the relationships between impact angle, 
crater morphology (shape, form) and ejecta distribution? 



8. Examine the Apollo 11 photograph (Fig. 2.3) of the lunar crater Messier (right) and Messier A 
(left). North is to the top in the photo. Messier is more than 2 km deep, 14 km along its 
east'West axis, and 8 km wide. What interpretations can you make concerning Its formation? 
Did the projectile enter from the east or west? Comment on the ejecta distribution. 



DiAGRAM FOR PART D, STEPS 3 & 4 



90' to surface 



BS"* to surface 



draw plan viesA/ above, scale ^ i~l — l 



draw plan view ibove, scale 



' » ' t ' 



I I 



X L 



i L 



cross section 4x virtical exaggeration 
*paraliel to flight direction (long axis) 



20 cm 



cross section 4x vertical eKaggeratlon 



20 cm 
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DIAGRAil" FOR PART D, STEPS 5 & 6 



40' to surtact! 



0 20 cm 

draw plan view above, scale = u - i - i — j — j 



I I \ =,J^ 



J 1 



20 cm 



ross section through long axis, vertical exaggeration x4 



5'^ 10' to surf: 



E 

u 



draw plan view above, scale 



0 20 cm 

m i i i i I 



i 1 1 



0 20 cm 

cross section through long axis, vertical exaggeration x4 
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PART E; THE EFFECT OF TARGET STRENGTH 

1. Again thoroughly rmx the sand in the tray and level the surface, Sprinkle and soak the sand 
with water; drain off any eKcess water. With the sieve sprinkle one color of the dry tempra 
paint evenly over the surface and let it soak completely. Shoot a marble from the slingshot 
into the wet sand and measure the diameter of the crater. Record observations in the space 
below. 



Even out the wet, colored sand by striking or jarring the box several times. Next, sprinkle 
through the sies/e clean, dry, white sand on top of the wet colored sand until a few mm layer 
dry sand is termed. With the slingshot, fire a small marble vertically into the sand in one 
half of the tray. How does the resulting crater compare in diameter to the crater formed in 
wet sand only? 



In dry sand only? 



Sketch the profile of your crater and describe the appearance. 



Pour more sand into one large corner of the tray to increase the dry sand layer to double Its 
thickness. Form another crater with the slingshot in this thicker layer. How does this differ ^ 
from the crater formed in the thinner layer of sand? 



How do these craters compare to the crater formed completely in dry sand? 



What effect does the thickness of the dry sand layer have on both the appearance of the crater 
and crater diameter? 
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Carefully smooth the dry sand to uniform layer over the entire tray. Sprinkle the second 
color tempra paint evenly through the seive on top of this layer. Draw a cross section that 
shows the sequence of layers from top to bottom. Fire a marble with the slingshot into the 
tray and describe the resulting pattern of material thrown out of the crater (impact ejecta). 
Where is the ejecta the thickest? Describe the ejecta pattern by color. 



Draw a new cross section showing the sequence of layers from top to bottom: near the rim; 
one crater diameter from the rim; and four crater diameters from the rim. 



Which layer goes the farthest? 



If you were on Mercury and wanted to examine the oldest rocks around a crater, where 
would you most likely find them? 



The gravitational acceleration at the surface of a planet also helps to control the final crater's 
form^ How would craters on the Moon differ from those formed on Earth due only to gravity 
(neglecting all other effects)? 



How would gravity modify craters with age? 



What other environmental factors control the crater's initial form after impact? Describe how 
these effects would be realized. 
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IMPACT CRATE RING 



(Instructor's Key) 

PART A: THE FORMATION OF CRATERS 

The following experimenti deal with the relationships among projectile mass, velocity and 
crater size. Impacts involve the transfer of energy from the projectile to the target (ground). 
Kinetic energy (energy of motion) is defined as: K.E. ^ 1/2 mv^, where m - mass and v ^ final 
velocity. 

PROCEDURE AND QUESTIONS 

T The Importance of Mass. Pour sand into the tray to a depth of at least 3 inches. Smooth the 
surface of the sand with the edge of the meter stick. Divide the surface into two equal areas. 
Weigh each projectile and record the mass in the table. From a height of 2 meters (6') drop 
each of the large spheres (three different types) into one area. Carefully measure and record 
the diameter of the craters formed by the impacts without disturbing the sand. Fill in the 
table below: 

OBJECT TYPE OF OBJECT MASS OF OBJECT CRATER DIAMETER 
Sphere # 1 Type A lightest gm smallest cm 

Sphere #2 Type B medium gm medium cm 

Sphere #3 Type C heaviest gm largest cm 

The numbers will depend on the material used in the e>^periment, but the trend should be clear: qs mass 
increases, so does crater diameter. 

2. Look at your results carefully. Which sphere created the largest crater? 
The most massive. 

3. What is the on/y difference in the way each crater was made? 
The mass was varied. 

4. Each sphere represents a meteorite. What can you say about the importance of the/nass of a 
meteorite in making a crater? 

Crater diameter increases with increasing mass- 

5. Did any sphere appear to fall faster than the others? Did it really? Why or why not? 

All spheres reached the sand in the same amount of time, regardlem of mam.. Galileo was reported to have 
shown this about 400 years ago. 
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6. The Important of Velocity, Locate the four identical marbles. Weigh eich marble and 
record its riass below. Drop one marble into the second area from a height of 10 cm and 
another from 2 meters. The third projectile should be launched from the slingshot extended 
23 cm (9''!; the fourth, from the slingshot extended 36 cm (14"), Without disturbing the 
sand, car efuliy measure the crater diameter, 

CAUTION- THE SLINGSHOT IS A POTENTIALLY HAZARDOUS DEVICE. USE EXTREME 
CAUTION WHEN IT IS EMPLOYED IN TH IS ACTIVITY. UNDER NO CIRCUMSTANCES 
SHOULD IT BE AIMED HORIZONTALLY. 

Complete the fonowing table: 





VELOCITY 


MASS 


CRATER DIAMETER 


Marble 1 


140 cm/sec 


X gm 


smBll cm 


Marble 2 


626 cm/sec 


X gm 


medium cm 


Marble 3 


1000 cm/sec"^ 


A gm 




Marble 4 


3000 cm/sec^ 


X gm 


V ^ry large cm 



1. 



8, 



9. 



10. 



11, 



approximate 

Did you measure any difference in the diameters of the craters? 
Ybs, as veioci'ty increases, so does crater diameter . 
What is the only difference in the way each crater was made? 
Velocity. 

In this case each marble (meteorite) had the same mass. What did dropping two marbles from 
different heights and propelling the other two aCGompllsh? 

This varies the ve/ocity at impact. 

Besides diameter do you notice any other difference in appearance among the craters? 
No, all look quafitatiyely similar. 

Which do you think is more important in creating larger craters, more mass or more velocity? 
Why? 

Velocity inare^ses haye mora effect on crater diameter th^n mass increases. Velocity has a greater contribu- 
tion to the energy of impact. 
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12. 



Calcuiate the kinetic energy ^upon ir'^ipact for each marble in Question 6. 



Marble 1 ('^^ ^ ^^'l X (140 cm/sacr ergs 

Marble 2 i X \ gm) X (626 cm /see r ergs 

Maroie 3 C'^/ X ( gm) x (WOO cm/Eec)^ ergs 

Marble 4 (H) X ( gm) X (3000 cm/sec)^ Br^ 

13.- Examine the re?;jlts in Part A, Summarize your conclusions regarding the size, mass, and 
velocity of impacting projectiles, and its k/netic &n&rgy (indicated by the size of the resulting 
crater) . 

The greater the energy released on Impact, the larger the crater. Mess and ve/ac/ty conrnhut& to energy, not 
Sfie, Velocity contributes es the square, mam /in early. 



PARTS: THE STRUCTURE OF A CRATER 

1. Remove all projectiles from the sand and smooth the surface welL Again divide the tray into 
two areas. With your instructor's help sprinkle a very fine layer of dry tempra color over the 
sand using the tea strainer. The layer of colored powder should cover the surface just enough 
to conceal the white sand. 

CAUTION: WEAR THE GOGGLES AND BE SURE THA T NO G LASS OR BREAKABLE MATE^ 
RIALS ARE IN THE VICINITY OF THE ACTIVITY. 

2. Use the slingshot to shoot the 1/2"' steel sphere vertically into the sand. DO NOT DISTURB 
THE CRATER IN THE FOLLOWING STEPS, 

3. Draw two pictures, one in each box on the next page, of the crater, one looking down from 
above (map view) and one as seen from ground level (elevation or side view). 



tif mass is measured in grams and velocity in cm/sec, then kinetic energy is given in ergs, or gm X 
cm^/sec^. For comparison the energy equivalent of one calorie of heat is 4,2 X 10^ ergs. 
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Map View 



Side View 



Ttiis IS .if? Kfeiil tj\d!f)i^le of a suk'iU frasfi crciter. 

4. Ldiiei ina (ianvinqs .m^'^ iht] aorcls rmy Oiucta nnn ifTip:iCt atiwr^ wotic.^ 
the crater. 

5. Where do you find tlie tfiickest cjecta^ 

0/7 f/7f? r//?J 

6. What do you think c^jusod liie crater nn^ to fonii? 

1 The colored powder represents the most recent sediment deposited on a planet's surface. Any 
' ' material beneath the top layer must have been deposited at an earlier time (makino it P^W^t 
caliy older). If you were examining a crater on the Moon, where would you probably find the 

Oldest materia!^ Why do you think so^ 



Bf^ccmse the (/eeriest m^iterinl ojectccJ fnnfjs clnsiyst to the crntar, i.e.., on the nfJK 



PART C CRATERING AS GEOLOGIC PROCESS 

1 In the second area create another crater as in Part B. Locate the larcje pack of assorted marbles. 
Drof) each marble in the pack from an arbitrary height into the second area so that each one 
impacts at a different speed. Be careful to drop the marbles near but not directly on top of 
the crater formed by the slighshot method. Watch the process very carefully as you do it. 
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2. How does the appearance of the original crater from Part B change as you continue to bom' 
bard the area? 

It Iqs&s its crispngm^ 

3. What do you think is an important source of erosion on the Moon? Look very carefully at 
Fig, 2.2, 

impact crBt Bring. 

4. Do all the craters have the same fresh, sharp, new appearance? Describe the various appear- 
ances. 

No smooth rims to ^arp rims, howhshaped to eUiptical^ etc. 

5. What do you think has happened in this area? 
Long term bornbardm&nt, 

6. How large is the central crater in the photo? The width of Fig. 2,2 is approxinnately 150 km 
d" - 25 km). 

About 40 km. 

7. Are all craters bowl-shaped? Describe, 
No^there is & vmrhty of^Bpes. 

8. What everyday events have you observed that are similar to those which form a cratered terrain 
as in the photo? 

Raindrops on dirt or sand, etc. 

*9. From all that you have seen, what does the appearance of a crater tell you about its age? 
Explain. 

The younger the crater, the arisper the features; the older, the more subdued. 
PARTD: THEEFFeCTOF iNCIDENCE ANGLE 

1. The target (surface) mtu which a projectile (meteorite) impacts also helps to control the final 
crater's form. The angle of Incidence is also important. You will now Investigate both of these 
variables. 

It is important to control ail other variables. Be sure to use Identical projectiles in each of the four 
parts. It is suggested that you use a simple device (e.g., a piece of string) to ensure that the is 
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stretched the same distance each time (controlling the velocity). For best results the projectile 
must impact at high velocity; therefore, the slingshot should be greatly extended. THIS ACT! ViTY 
IS POTENTIALLY THE MOST HAZARDOUS. 

2. Mix the sand in the tray thoroughly, adding more sand If necessary, to return the sand to a 
uniform color. Remove all projectiles. Smooth the top again with the meter stick. Divide the 
tray Into tour equal areas. Anain sift a layer of tempra color over the entire tray. 

3. In one quarter^section produce a crater using the slingshot to launch a marble fired normal 
(at 90^ or vertical) to the target surface. On the page provided sketch a plan (map) view and 
cross section of the crater. Be sure to sketch the pattern of the ejecta. Whefe did it come from? 

Efecta comm from sand b&low the tempra layer that was excavated by impact-. 

Vvhat would you expect to find beneath the ejecta? 

Undisturbed sand. 

4. In the second quarter^sectlon, produce a crater with a marble launched at about 65° to the 
surface (estimate the angle). Sketch the crater in the appropriate place. Is there a marked 
difference between the two craters or ejecta pattern? - ■ 

The craters and ejecta pattern should appear similar 

5. In the third quarter-section, produce a crater with a marble launched at about 40° to the 
surface. Be sure no one is "down range" in case the proiectile richochets. Sketch the crater, 

6. In the fourth quarter^section, produce a crater with a marble launched at about 5 = 10° to the 
surface. Be sure no one Is "down range'' In case the projectile richochets. Sketch the crater. 
Note the asymmetric cross section. 

7. Examine the sand craters and your sketches. What are the relationships between impact angle, 
crater morphology (shape, form) and ejecta distribution? 

High impact angles produce more nearly bowf^shaped craters with symmetric ejecta patterns; shallow impact 
angles produced elongated or elliptical craters and asymmetric or ''butterfly wing " eiecta. 

/ 

B. Examine the Apollo 1 1 photograph (Fig. 2,3) of the lunar crater Messier (right) and Messier A 
(left). North Is to the top in the photo. Messier Is more than 2 km deep, 14 km along its 
east-west axis, and 8 km wide. What interpretations can you make concerning Its formation? 
Did the projectile enter from the east or west? Comment on the ejecta distribution. 

it is likely that Messier was created by a shallow angle impact. The projectile entered from the right side of the 
picture {from the east). A4ost ejecta was distributed forward or down range and as north and south ''wings''. 
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TE: THE EFFECT OF TARGET STRENGTH 

Aaaifi tiinrnuqfily rnix th'^ sanci in ttie tray and iyvel the surface. Sprinkle and soak the sand 
witri water, drain off any excess water. VVitfi the sieve sprinkle one color of dry tempra 
paint evenly over the surface and let it soak completely^ Shoot a marble from the sMngshot 
irito the ivet sand and measure the diameter of the crater. Record observations in the space 
below. 

Sni,)lL riKirnle-a^ed c^:uer With aU/ffipy e/fJCtfL 

Even out the \.vet, coiorecj sand by striking or jarring tlie box several times. Next, sprinkle 
through the sieve clean, dry, white sand on top of the wet colored sand until a few mm layer 
of dry sand is formed. Withi tfie slingshot, fire a small marble vertically into the sand in one 
half of the tray. How does the r.iultinq crater compare In diameter to the crater formed in 
w^et sand only^ 

Large'" cr^jftjr t/hifi ifi we: s.itnJ. 

! n dry safid only? 

Srnj//t}r Uijn in iJry Sjnn' 

Sketch tiie firofile of your crater and describe the appearance. 




AnSiv&rs will VDry, bat floor shoulcf appear flat^ 

Pour more sand into one large corner of the tray to increase the dry sand layer to double its 
thickness. Form another crater witli the siingshot in this thicker iayar\ How does tfiis differ 
from the crater formed in the thinner layer of sand? 

Lorger cr^it^r^ SftwH&r floor. 

How do these craters compare to the crater formed completely in dry sand? 

' Soulier o I' era /I, but flatter floor. 

What effect does the thickness of the dry sand layer have on both the appearance of the crater 
and crater diameter? 



The t/f/ck&r the overly irig dry Uiyur, the cioser the crfiter apiironalies the dry Siind criiters. 



Carafuliy smooth the dry sand to uniform layer os/er the entire tray. Sprinkle the second 
color temfira paini evenly througn the seive on lop of this layer. Draw a cross saction that 
shows the sequence of layers from top to bottom. Fire a marble with the slingshot mto the 
tray and describe the resulting pattern of material tfirown out of the crater (impact ejecta). 
Where is the ejecta the thickest? Describe the ejecta pattern by color. 



The deepest color is clusost to rhe nm: the 5/ij//otvg5f cofor is farthest from the rinh Ejects is thiakast ne^r 
the rin) 



Draw a new cross section showing the sequence of layers from top to bottom: near the rim; 
one crater diameter from the rim; and four crater diameters from the rim. 

wet colored sand ^^^^ ^ ^ impact 



dry colors 



dry white ^nd- 
wet color 



4 crater diams ^ 
VVhic'n layer goes trie faf tries t? 




1 crater diani 



Th.e tofUtinst iifver^ 

!f vQu ^j^"-^ on MPTrurv and wanteri to examine the oldest rocks around a crater, where 
would you most likely fitid them? 



Ncjr the rim. 

The gravitational acceleration at the surface of a planet also helps to control the final crater's 
form. How would craters on the Moon differ from those formed on Earth due only to gravity 
(neglecting all other effects)? 

Lower profiles, hrger stirfiwe iiren of ejectn. 

How would gravity modify craters with age? 

Higher gravity decreases clegracimion by multipl& impacts, but increases degradation by slumping 



What Other environmental factors control the crater's initial form after impact? Describe how 
these effects would be realized. 

Atmospheric effects, entrapped fluids or vejia tiles in the target, etc. 



Si* 
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Class 



Date 



COMPARING CRATERING PROCESSES 



OBJECTIVES 

1. By using !ab materials, the formation of craters through impact , eruptive, and explosive processes will 
be simu iated. ^ ' 

2. The effects of different cratering processes on landscape diveiopment will be compared. 

3. Through the um of photographs and direct observation, the origins of specific craters can be deter- 
mined. 



MATERIALS 

T Tray of very fine sand {100 ^m) 
2: Protective goggles 

3. Marbles and slingshot 

4. Polaroid camira^ith cable release 

5. 3 packs of Polaroid black and white film 

6. Black cardboard or posterboard (18''x30") 

7. High intensity strobe light variable to at least 

15 flashes per second 

8. 3 foot plastic tube 

9. Bicycle pump 



10. Thin skin balloons 

1 T Protractor 

12. Tracing paper 

13. Curtain/plastic sheet 



PROCEDURE AND QUESTIONS 
PART A: IMPACT CRATER PROCESS 

1. Focus the camera on the tray of sand from a distance of 2 to 3 feet. To get good photos, 
the film must be exposed long enough to catch 2 flashes from the strobe light (about 1/8 
second). Start the exposure just before the marble is fired and stop it i^ight after it appears 
to hit the sand. 

CAUTION' ALL STUDENTS MUST WEAR THE SAFETY GOGGLES DURING THIS POR-- 
TION OF THE EXERCISE. THIS IS ESPECIALLY IMPORTANT HERE BECAUSE THE 
FLASHING STROBE LIGHT OFTEN CAUSES ERROR IN AIM. 

Step 1 may have to be repeated several times to get a good photograph. Save ail photographs. 

2. a. Before looking at the photograph, describe how you think the sand thrown from the 

impact (called ''ejecta") will look. 



Sketch the crater and the path the material appears to take based on the photograph 
and observations. 
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c. HOW does the crater formed differ from the predictions? 



Take at least three more photographs. Arrange them m a time sequence beginning with 
an exposure the instant before impact and ending with one after the impact. How does 
the ejecta pattern change. 



IMPACTS AT AN ANGLE: Repair and smooth the sand surface and photagraph anmhfir 
impact with the angle of impact at 45© from the horizontal. Be sure that no one is down 
range and that you fire in the direction of the hanging curtain. How are the ejecta paths 
different from the vertical impact? 



PART B: EXPLOSIVE CRATER PROCESS T 

1 Attach the plastic tube to the bicycle pump= Check for air leaks. Next, pull the balloon 
tightly over the other end of the tube and slip on the clamp. This means that you are using 
only a small portion of the balloon and that the thin skin of the balloon will burst easily 
when the pump is used. 

2. Bury the tube in the sand but turn up the end in the center of the box so that It Is almost 
vertical and about 3/4'' below the surface of the sand. 

3 As in the impact experiment, start the Polaroid picture exposure Immediately BEFORE th| 
quick single push of the bicycle pump and stop the exposure immediately aftenA/ards (1/8 
second). If the balloon did not burst, check for air leaks or tighten the clamp on the bar 
loon, 

4. a. Before looking at the photo, again predict what you think you will see. 
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Hovv cloes your prediction compare with the photo? Sketcli tfie crater and eject a pat- 
tern. 



c. How does the resulting crater (which a "low-energy'' explosion crater) compare with 
the Irrnaci crater^ 



d. Compare the photos with those from other groups who have done the experiment. 



PART C: ERUPTIVE CRATER PROCESS 

1. After completing the previous experiment, leave the tube buried in the sand. Smooth the 
surface of the sand over the end of the tube. 

2* For the final photograph, start the exposure immediately BEFORE pushing the pump (do 
not push as hard as for the balloon). Now what do you predict for the pattern of ejects? 



3. Sketch the pattern that you observed. 



4, What geologic process might produce a similar pattern? 
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5. Fiace the FJholographs you have taken side by side. Compare the craters and features formed 
by each of the three processes. 

a. How are all three similar? 
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b. How are they differentr 



c. VVriich have raised rims? 



VVfiich crater formed the widest ejecta pattern ' 



How do the ejecta patterns compare to one another^ 



f. Which process had the biggest effect on the surrounding material? 



Examine Fig. 2,4 and Fig. 2.5, 

a. Wiiich feature is probably volcanic? 

Which feature is probabh/ impact? . .. ... 

b. Wliat evidence did you use to reach your conclusion? 



c If you v^^ere lookinq for a crater produced by an explosion, what special features would 
you look for that would distinguish it from craters formed by volcanic eruptions and 
impacts? 
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COMPARING CRATERING PROCESSES 
(Instructor's Notes) 



PR LAB 

15 minutes. Go over techniques of using thg Polaroid camera 

LAB 

Two class periods 
POST^LAB 

1, Discuss results of photosor observations- 

2. View the fMm * 'Controversy Over the Moon/' 

NOTES FOR SET^UP FOR LAB 

1. Because of the sand thrown out by impact and the use of the slingshot, goggles are necessary for each 
student. The slingshot is important because a high velocity projectile is needed to produce a good ejects 
blanket. 

2. Prepare the lab set-up before class in order to avoid loss of time in beginning the exercise, 

3. A Polaroid camera was selected for this e^^ercise to allow students an opportunity to have an instant and 
permanent record of the exercise. Action is stopped by use of the strobe and students can reshoot if neces- 
sary. If desired, a 35 mm camera or Instamatic with a 2' focus can be used; however, this will delay exami- 
nation of photographs and errors in procedure w\\\ not be detected until the film results are viewed. The 
school newspaper or yearbook photographers may be able to assist you in developing the film. 



4, instructions for setting up the lab; 

a. Fill th^ tray to the brim with 100 fim sand and arrange the strobe and camera as shown on page 47, 

b. If the Polaroid has an electric eye, set the film speed setting to 75 (even though the film speed is 3000) 
and the exposure control on front of the camera to "Darker," This perrnits a longer exposure time for 
the shutter and a smaller f/stop (lens opening). If the Polaroid does not ha/e an electric eye. but has 
numbered settingi, set the number to "6" and flip the exposure frorn "I" to "B" before each picture. 
If the resulting photographs are too light, increase this number accordingly, 

0. Focus the camera on the target surface and place the black posterboard in front of and beneath the 
strobe light as shown. This arrangement provides a black background. The flash rate -on the strobe 
should seem like rapid blinks. Too many flashes during the exposure produces a dispersed cloud; 
too few,- and the event may be missed entirely. 

d. In using the camera, it is best if you have a cable release attached to the Polaroid = this will help eMmi^ 
nate jarring the camera unnecessarily. If the camera does not accept a cable release, be sure that the 
camera is on a firm surface: push the button and release carefully, 

5. Be sure the student photographers know how to operate a Polaroid before starting the activity. 

NOTE: ALTHOUGH THE INSTRUCTIONS AND PRECAUTIONS MAY SEEM INVOLVED, THE EXERCISE 
CAN BE DONE EASILY AND SUCCESSFULLY, 
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strobe 




Tray 



Diagram showing set up for "explosive" cratfiring exijeriments. 
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Strobe light Polariod photographs of impacts into fine sand at different angles of incidence. 
Photograph records two flashes of the strobe light in each illustration. The Innermost cone repre- 
sents materia! (ejecta) thrown from the crater as the crater forms. The ejecta leave the surface 
primarily at a 45° angle for a vertical Impact (upper left, as looking from right side). The ghost- 
like second image indicates a later stage in crater formation and Illustrates the sheet of ejecta 
that moves outward. As the angle of Impact departs from the vertical, the ejecta cone or plume 
becomes adymmetrlc. For the relatively low velocities represented here (20 m/s), asymmetry is 
not apparent until the impact angle (angle from the vertical) Is greater than 20°, At 20° (upper 
right), the sequence of ejecta remains relatively symmetric. At 60^ (lower left) and 75° (lower 
right) from the vertical, the ejecta cone is distorted In the downrange direction, For impacts of 
much greater velocities (2 km/s), the asymmetry does not occur until much larger departures 
(80°) from the vertical. 

Note In the impacts in the upper right and lower left that the ejecta paths remain In a sheet 
that forms an Inverted cone. The sheet moves outward from the point of impact, and the base of 
the cone sheet enlarges. This arrangemenr indicates that the ejecta strike the surface in a narrow 
annulus that increases In diameter (not necessarily width) with time. 



Comparison of the formation of impact craters (left side), low-energy explosion craters 
top two photos on right side), and simulated volcanic craters (bottom right), as recorded In 
I sand box with strobe light. The formation of an impact crater Is a relatively well ordered event 
n which the ejecta leave the surface at approximately a 45° angle from the horizontal (upper 
eft). As the crater enlarges (middle left), the inverted cone sheet of ejecta, called the ejecta 
ilume, enlarges. Ejecta arrive first in an annulus close to the crater. As crater formation continues 
bottom left), the ejecta strike the surface at increasing distances. Note that in all three photo- 
iraphs, two stages in crater formation have been recorded: the earliest stage is represented by 
he inner ejecta plume (revealed most clearly In the upper left); the second stage, by the broad- 
>ased ejecta plume, 

In contrast to the Impact process, an exploding balloon buried beneath the sand produces a 
elatively chaotic and dispersed ejecta pattern (upper and middle right), Ejecta blown through a 
ube are directed vertically and return to the surface near the crater. The former example is 
nalogous to an explosion crater, whereas the latter approximates a volcanic eruption. All three 
roups of experiments produce craters with raised rims but the mechanics of formation varies 
ignificantly. This realization is important for understanding the appearance of craters on other 
ilanets and the effect of their formation on the surrounding terrain. 



49 



61 



COMPARING CRATERING PROCESSES 



(Instructor's Key) 

PROCEDURE AND aUESTIONS 
PART A: IMPACT CRATER PROCESS 

1. Focus the camera on the tray of sand from a distance of 2 to 3 feet. To get good photos, 
the film must be exposed long enough to catch 2 flashes from the strobe light (about 1/8 
second). Start the eKposure just before the marble is fired and stop it right after it appears 
to hit the sand. 

CAUTION: ALL STUDENTS MUST WEAR THE SAFETY GOGGLES DURING THIS POR- 
TION OF THE EXERCISE. THIS IS ESPECIALLY IMPORTANT HERE BECAUSE THE 
FLASHING STROBE LIGHT OFTEN CAUSES ERROR IN AIM. 

Step 1 may have to be repeated several times to get a good photc raph. Save all photographs. 

2. a. Before looking at the photograph, describe how you think the sand thrown from the 

impact (called "ejecta") will look. 

Experience in Unit Two should yield similar answers. 



b. Sketch the crater and the path the material appears to take based on the photograph 
and observations. 




c. How does the crater formed differ from the predictions? 
Instructor should lead a discussion of various student answers. ^ 

d. Take at least three more photographs. Arrange them in a time sequence beginning with 
an exposure the instant before impact and ending with one after the impact How does 
the ejecta pattern change, 

Ejecta is laid down by a moving ''curtain'' of debris from the rim of the crater outward. 
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3. IMPACTS AT AN ANGLE: Repair and smooth the sand surface and photograph another 
impact with the angle of inipact at 45° from the horizontaL Be sure that no one is down 
range and that you fire in the direction of the hanging curtain. How are the ejecta paths 
different from the vertical impact? 

Ej&cta from the venicat impact are thrown out Bt about a 45^ angle. The sheet of &/ecta moves outward in a 
symmetrica/ pattern, producing the appearance of an enlarging^ inverted cone. As the path of the project He 
departs from the vertical, the ejecta cone becomes asymmetrical and distorted in the down range direction. 



PART B: EXPLOSIVE CRATER PROCESS 

1. Attach the plastic tube to the bicycle pump. Check for air leaks. Next, pull the balloon 
tightly over the other end of the tube and slip on the clamp. This means that you are using 
only a small portion of the balloon and that the thin skin of the balloon will burst easily 
when the pump is used, 

2. Bury the tube in the sand but turn up the end in the center of the box so that it is almost 
vertical and about 3/4" below the surface of the sand. 

3. As in the Impact experiment, start the Polaroid picture exposure immediately BEFORE the 
quick single push of the bicycle pump and stop the exposure immediately afterwards (1/8 
second). If the balloon did not burst, check for air leaks or tighten the clamp on the bal- 
loon. 

4. a. Before looking at the photo, again predict what you think you will see. 

Instructor should lead a discussion of various student answers., 

b. How does your prediction compare with the photo? Sketch the crater and ejecta pat- 
tern. 

See photos and discussion on Page 49. 

c. How does the resulting crater {which is a "low-energy" explosion crater) compare with 
the Impact crater? 

In appearance, the crater shape is similar. However, the e/ecta pattern is chaotic and dispersed with 
ejecta thrown out at all angles. The impact ejecta pattern is well-ordered with e/ecta leaving at a 4^ 
angle, (see Page 49). Note that the ejecta pattern and crater appearance will vary with different depths of 
burial of the balloon. In high energy ep^plosions, an impact crater can be reproduced if the depth of the 
explosion is shallo w. 

d. Compare the photos with those from other groups who have done the experiment. 
Answe/t will vary. 
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PART ERUPTIVE CRATER PROCESS 



Th9 BjectD thrown oiii >n this process is d/recmJ nearly '.artical and returns to the surfme near the crater 
(see Pac;^ 49h In This exercise, students have produced three crrners vvith raised rims. The processes of for^ 
mation as shown by the stop^action photos are very different 

T After completing the previous experiment, leave the tube buried in the sand. Smooth the 
surface of the sand over the end of the tube. 

2. For the final photograph, start the exposure immediately BEFORE pushing the pump (do 
not push as hard as for the balloon). Nov^^ what do you predict for the pattern of ejecta? 

Answers will vsr\^. 

2. Sketch the pattern that you observed. 
See photos and discussion on Page 4 9^ 

4. What geologic process might produce a similar pattern? 
Volcanic erufnions could produce such a crater., 

5. Place the photographs you have taken side by side. Compare the craters and features formed 
by each of the three processes. 

a. How are all three similar? 

All three craters contain similar parts: crater, rim and ejecta^ 

b. How are they different? 

Answers will vary but many students will note that the explosive and voicanic craters are not as 
symmetrical as the impact craters. 

c. Which have raised rims? 

All craters formed have raised rims. 



d. Which crater formed the widest ejecta pattern? 

Answers may vary. The explosive crater or the impact crater ejecta patterns will probably be widest. 

e. How do the ejecta patterns compare to one another ? 
Answers may vary. 



52 . 



f. Which process had the biggest effect on the surrounding rric mal? 
Impact has the great esr effect^ 

Examine Fig. 2A and Fig. 2.5. 

a. Which feature is probably volcanic^ Olympus Mons 
Wfiich feature is probably impact? Timochar-s 
What evidence did you use to reach your conch sion? 

Tinwcharis has w&lf des/elop&d ejBcta patterns: Olympas Mons has what seem to be flow patterns down 
its flanks. 

c. If you were looking for a crater produced by an explosion, what spec'nl features would 
v^ou look for that would distinguish it from craters formed by volcanic eruptions and 
impacts? 

Impact craters have large, well-defined e/ecta patterns; the efecta patterns of explosion craters may 
not te as well-orcjanized: volcanic craters have very little e/ecta pattern^ 

Examine Fig. 2.6. 

a. List the processes you think are responsible for Tsiolkovsky as we now see it. 

Impact to form crater and e/ecta patterns to bottom^ wall failure, and volcanic eruption from 
beneath to fill the floor. 

What evidence did you use to reach your conclusions? 

E/ecta patterns radiating from impact site; dark mare fill on floor that is lightly cratered (younger). 

c- What could have caused the mountain peaks in the center of Tsiolkovsky? 

Students may suggest volcanoes; this is unlikely. They are central peaks formed by rebound of floor 
materials after impact. 
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IMPACT CRATERING ON A RAINY DAY 



UBJECTiVE 

To iiluBtrate the way m which planetary surfaces can be dated by analyses of craters, you w.ll create tmpact 
features With raindropi and wMl study the craters formed in order to find out the effect of both continuous 
impacting of a surface and the angle of iHumindtion on thr .tppearance of the cratered terrain. 

MATERIALS - 

T Rainy day (or something to duplicate raindrops, such as water sprinkled througn a fme-mesh wmdow 

screen) 

2. 4 petri dishes (per group) 

3. Very fine sand ( TOO ^^ m) 

4. Light source (spot type) 

5. Optiona!: Polaroid camera and film 



PROCEDURE AND QUtSTIONS 

1 Fill each petri dish with the fine sand. Place one dish in the light rain for about 5 seconds 
(or until several craters have formed). How do the crater sizes vary? 



Are the craters clustered together? Do they overlap? 

2. Form a crater in the second dish with your finger. Place this dish In the rain for approxl^ 
mately 30 seconds. 

a. What does the surface look like now? 



b. What happened to the large crater you formed? 



c. What do you suppose would happen to the larger crater If you left it in the rai 
minutes (10 times as long)? 



ci. Are tliere more overiapping craters here than in No. 1? 



e. Do any of the craters forrn chains of three or more (three or more in a row)? 



Form another '^finger" crater in each of the other two dishes. Place one dish in the rain for 
two minutes; the other for four minutes. 

a. Wliat has happened to the large craters? Does this agree with your prediction in No. 2? 



b. Do you see more tifiy craters in eitlier of tlie dishes? Which dish has the most tiny 
craters? 



The angle of the light affects what you see. During a full Moon, you can see less detail on 
the Moon's surface than you can during the other phases. Turn off the overhead lights and, 
with the spot light, shine the light across the surface of the dishes. Try shining the light from 
the following angles and describe what you see. 

a. 90^ (directly above the craters) : 



b. 45^ (Vj of a right angle) 



20^ 



d. 10^: 
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b. E xarn F \Q, 2.7 . 

a. List liie QVidence yoii see Oii rhe Moon for long ?t?rrii irnfjaCLiiiy. 



b. Lib! Uie fgatLir^ji you see on tht Moon thia arF si^n.'nr to ttioso procluceci in ihi 
exDGrirTien t. 




Fig. 2. 7: Apotto metric photograph AS16 3003. The ancient lunar highlands is the best example of a heavily era- 
tered surface in ''equilibrium'^ Chains of craters (catena) marked by the arrows, overlapping craters, fresh craters, 
iind degraded craters are all represented. A relatively young mare surface is visible on the limb (lunar horizon }, The 
effect of lighting angle is also easy to see. Craters near the darkness (terminator) represent low sun angle pictures, 
whereaz the region near the limb is illuminated by nearly overhead sunlight. 
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iMPACT CRATERING ON A RAINY DAY 
(Instructor's Notes and Answer Key) 

OBJECTIVE 

To iiiustrote thy w-Jv '.vh:ch pianetJif v surfaces Can ije (intticl by anaiysfejs of craten, you will create tmpact 
feaTur^^:s v.'ith raindmps antl ^vi!' siui.iy the craters formad tn order to find out the effect of both continuous 
impacTinfi o' a surfdCR and thy av]^- of iliumination on the appearance of the cratergri ferrain, 

MATERIALS 

L Rainy duy (or ^nnuuhiny to dupilcat^? iciiruitop^, 5uch t\% water sprinklyd through a fine^mesh wmduw 
screen ) 

2. 4 /;5fr/ drshes (perqiOLip) 

3. V'^fv f my sand { 100 U 

4. L^qh! soufce (spot Xyva) 

5. Optionnl: P olaro'd earner a ond fi im 

PRE LAB 

Since the stud^MU^ hdv^r p!Oijat)tv donti othur ti^nr cis-'S ofi Cfotunny procehse^, a sptiCial pre-lab ts probably 
not nf^cy-?sary, 

LAS 

20 niinutys. Soy Fitj. 2.8 arid Ffy. 2.9 for sarnpiu rt'^ulu. 
POSTLAB 

The dtscussiOn cuutd ceniyr on u cOfiTpariSon uf this actiyiEy and impact featurei previously studied. 

PROCEDURE AND QUESTIONS 

1. Fill each petrl dish with the fine sand. Place one dish in the light rain for about 5 seconds 
{or until several craters have formed). How do the crater sizes vary? 

During a slow, stsac/y rain^ niany cratsrs will be similar in siza (see Fig. 2,3). 
Are the craters clustered together? Do they overlap? 

Although craters typically are not clusrf^rerL n fmv cliisters do develon^ They may overlap.. 

2 Form a crater In the second dish wi th your finger. Place this dish in the rain for approxl^ 
mately 30 seconds. 

a. What does the surface look like now? 

The large crater formod hy tha finger heconws dagraded (grofhd) by the rain iinpactn. 



b, What happened to the large crater you formed? 



/( l)econws less sharp and distirict.: 





F ig. D i fferen t safnJ Siirfaces a p a sg cf fa r di f far en * 

langths of time to rain: 5 seconds (upper isft), 30sbc^ 
ends (upper right), 2 minutes {left}.. The large rain^ 
drop crater in the example at the upper left wns pro- 
duced by a single large drip from the edves. The longer 
the sand is exposed to the rain, the more craters are 
formed. Thus, the number of craters can he used to 
estimate ho w long the sand has been in the rain. The 
concentric appearance of the rain^/rop craters was 
produced by the water soaking into the sand at the 
point of iinpact but ejecting loose sand around this 
point. 
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c= WfieJt cjo you suppose woulcl happen to the larger crater if you left it in tlie rain for 5 
minutes (10 tirnes as long)? 

It woiikl probably discippQar.. 

d. Are there more overlapping craters hare than in No. 1? 

e. Do any of the craters form chains of three or more {three or more in a row)? 

Ai'iswers wit I viiry.. 

Form another ''finger" crater in each of the other two disfies. Place one dish in the rain for 
two minutos; the otfier for four minutes. 

a. What has happened to the large craters? Does this agree with your prediction in No. 2? 

T! 1 1) Ij rtf 6* t:r:i 1 0 rs bvcof^W tl QyfQ (led ferot/G cl }-. 

b. Do you see more uny craters In eitfier of the disnes? vVhich disn has the most tiny 
craters? 



Tiny aruters should be found in both dishes with the dish exposed for four minutes having the greater 
nam her. However, the change in appearance between the surfaces in these two dishes is not bs drastic 3s 
the change imtween the previous two surfaces. In other words, the longer the surface is exposed to 
i/npact cratering, the /riore difficult it becomes to distinguish the ''age" difference between them. The 
saftie prohiem occt/rs on certain planetary surfaces where cratering was so extensive that old craters were 
destroyed almost as rapidly as new craters were formed. This condition is aalled '^equilibrium'^ 



The angle of the light affects what you see. During a full Moon, you can see less detail on 
the Moon's surface than you can during the other phases. Turn off the overhead lights and, 
with the spot light, shine the light acroa the surface of the dishes. Try shining the light from 
the following angles and describe what you see. A slide projector could be used as alight 

source. 

a, 90^*^ (directly above the craters) : 



naif c A iters are nea rl y in visil)le. Little del a il vis ibie ( sec Fig, 2,9}. 



Id. 45° (V? of a right angle) : 

S/iadows help point out riiany surface features. Si nail craters are ohvious. 



c, 20"; 

S/mc/ui.:'s are .'od'j, hiditn; some small crjters. 

d. 10°: 

Very long sriadows^ Edqe of dish blocks the viavj of some craters, 

^B. Examine Fig. 2,6. 

a. List the evidence you see on tlie Moon for long term impacting. 

A variety of crater sl^es in various states of preservation^ chains of craters, high d&nsiry of craters per unit 
area, similarity of terrain at different locations. 

List the features you see on the Moon tfiai are similar to those produced in the 
6K peri men t. 

Crater chains, variety of sizes of craters, variety of states of preservation, etc. 

c. Describe the effects of changing hghting angle In the photo. 

Those craters near the terminator are illuminated try low sun angle and show nwre detail Those craters 
near Urnh are illuminated by a nearly overhead sun and appear "washed out'\ lacking detaiL 



UNIT THREE 
ACTIVITIES IN AEOLIAN PROCESSES 



Wind is an imr^ortant agent of erosion in many arid and shore regions of the Earth, During 
wind erosion, small Mrticles are picked up by the wind, bounced along the surface, or rolled, and 
eventuallv deposited. The most obvious wind-deposited feature is the DUNE common m some desert 
areas and seashore regions places where there is an abundance of sand-sized particles and a pre- 
vailing wind direction. 

The Earth is not the only planet where wind is important. Venus, with its dense atmosphers 
and Strong winds, may also have wind-induced erosion and depositional features. Photos returned 
to Earth by Mariner 9 and Viking show that much of the martian surface is covered by windblown 
features, including numerous dune fields. 

In addition to dunes, other wind-related features have been identified on Earth and Mars, The 
general sfiapes of these features ary similar enough on both planets to give scientists confidence that 
wind was a common factor in their creation. But the similarity often breaks down when fine details 
and overall size of the features are considered. The reason for this is clear: although winds blow 
strongly enough to move small particles on Mars, the "air" is on the average 20Q times thinner and 
made of different gases. Lengths of seasons and local geography are also very different on the planets. 
Thus the different aeolian (wind-related) environment on Mars accounts for the variation in wind- 
r-latPd featurps on the two planets. As of this writing, our knowledge of the aeolian environment on 
Venus is still too uncertain to make any judgments about wind-related features on that planet. 

In the following activities the student will study wind erosion, deposition, and the general 
effects of wind motions on the planets. The activities are fairly easy for the student to control. 
However to ensure best results, a modest investment in time, materials, patience, and tenacity on 
the part of the instructor is required. The results should prove enjoyable. 




Fig. 3.1: NASA LANDS AT photograph E-1127- 
06060-6, These dunes are part of the Dash -E-Lut sand 
sea about 200 km east of Merman in Iran. The width 
of this dune flold is afmit 6S km; the photo was 
taken from 917 km altitude on 27 November 1972. 
North is to the top. Scale is 1 cm - 20 km. 




Fig. 3.2: Viking Orbiter photograph B10A4B, These 



dunes on l^ars appear remarkably similar to those on 
Earth (Fig. 3. 1). They are located on the floor of the 
crater Proctor about 48° S, 330'W, some BOO km west 
of the Hellespontes Mountains. Dime field width is 
40 km; north to the top, Scaie is 1 cm --^ 20 km, 
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AEOLIAN PROCESSES; MARTIAN WIND TUNNEL 



OBJECTIVES 



1. In this experiment you will demonstrate the process of wind erosion on surface features such as craters 
and hills. 

2. Through photographic interpretation and the wind tunnel activity, you will ricogniie wind'eroded 
featurys on Mars. 

MATERIALS 

1. Wind tunnel model 

2. Container of 100 ^^ m sand ( ) or super fine sugar ( ) (check appropriate one) 

3. Fine strainer or sieve 

4. Fiat bottorned container 2-A inches in diameter 

5. Spot light (40-50 watt) or strobe 

6. Ruler or centimeter scale 

PROCEDURE AND QUESTIONS 

1. Sprinkle the sand or sugar eveniy over the floor of the wind tunnel. Turn on the spot light 
and shine it through one window. Turn on the fan to low speed and view through the other 
window. 



2. Does the sand move? 



3. What fan speed was necessary to begin the sand movement? 



4. How high above the wind tunnel floor did the sand rise? (measure in centim.eters) 



5. If you were on a desert and a strong wind began to IjIow the sand, would you better be able 
to avoid the sand close to the ground or in a tower? 



6, Blown sand Is an Important cause of erosion and weathering in some parts of the world 
(and on Mars), Where would the action of blowing sand be strongest, close to the ground or 
several feet above the ground? Explain. 



NOTE: Be certain that nobody stands in front of the fan or at the open end of the 
wind tunnel. This will disturb the flow of air. If the fan does not begin to move the 
''sand" within a minute or so, turn the fan up to a higher speed. The movement of 
sand In this exercise will be slow. 
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7 Turn off the fan and insert the strainer or sieve BETWEEN THE FAN AND TUBE CELLS 
in front of It. Fill the sprinkler {strainer) and tap it so that the sand begins to blow out the 
holes. Turn the fan on to medium speed (high if it doesn't move) and continue to let the 
"sand" slowly flow out of the holes in the sieve, 

8. How far down the tunnel can you detect sand movement? 



9. Turn off the fan and pour the "sand'' that is on the container (tunnel) back into the tray. 
Replace the board and sprinkle an even layer of sand on the tunnel floor, Midway between 
the two observation windows, pour ^ ' '^Ue of sand through the sieve so that a small 
cone is formed (about 2 inches high the f lat^bottomed container on this pile and 

slowly turn it until a flat bottomed era orris. Remove the container. 

10. In this part of the activity, you will b^ turning the fan on and off periodically to monitor 
the progress of erosion of the crater. Turn the fan on to high. After a minute, turn off the 
fan and observe what changes have occurred \o ihe crater and the surrounding area, 

11. Sketch what you observed. Where is the sand being deposited (put down) and where is it 
being eroded? Which Is carried farthest, the coarse or the fine sand? 



12. - Follow the same procedure in Step 10, but a!!ow the fan to blow for 4 more minutes. 

13. While the fan is blowing, identify the regions where most of the erosion is occurring. 

14. Which direction does the sand move? 

15. Based on your observation, sketch what effect the crater has on the wind movement- 
(Imagine you could see the wind; sketch how you think it would be movingj 
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Fig. 3,3: Viking Orbiter photogr&ph 639 A6Z Wind streaks on Mars /oca ted on the Tharsis Pfateau, south^ 
wast of Arsia A/Ions. The picture center is approximateiy 14° I23rw, North is not at the top, but in the 
direction of the superimposed arrow in the fower left. Notice the similarities between this picture and your 
experirnentai wind tunnel results. Scale is 1 cm - 20 km. 




Fig. 3.4: Viking Ortiter photograph 724 A3 h Equatorial yardangs on Mars loCBted south of Etysium Mons. 
The picture center is about 3^S, 308' y¥. North is not at the top, tut in thedirectmn of the supenmposed 
arrow. Scale is 1 cm - 1 km. 




/ 
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16. Turn off the fan. Remove the sand. Resprinkle the surface with a new layer of sand as you 
did in Step 9= Form a new cone but this time DO NOT FLATTEN IT, Turn the fan on to 
high speed. Leave the fan on until most of the material has been removed from around the 
cone. Describe the shape of the cone now. 



17. Leave the fan on until most of the material has been removed from around the cone. 
Describe the shape of the cone. 



18. Look at the photograph of Mars (Fig. 3,3). Do you see anything similar to what you pro- 
duced in the tunnel? Which direction do you think the wind was blowing? Are the dark areas 
behind the craters EROSIONAL zones or DEPOSITIONAL zones? "The light areas?" 



19, Compare the results of the eroded sand cone to the irortlan photograph (Fig. 3.4) of the 
elongated hills. On the Earth, elongated hills develop In desert regions as a result of continu- 
ous erosion by sand and wind coming from only one direction. These features are called 
"yardangs" and their existence on Mars suggests a desertlike climate and long history of 
wind erosion from prevailing winds. Compare with Fig. 3.5. 



80 



68 



AEOLIAN PROCESSES: MARTIAN WIND TUNNEL 
(Instructor's Notes) 



OBJECTIVES 

1. In this experiment you wili demonstrate the process of vvind erosion on surfaci features such as era 
and hills. 

2. Through photographic interpretation and the wind tunnel activity, you will recognize sA/ind^eroded 
features on Mars, 

MATERIALS 

T VVardrobo box from moving compony. 

2. 3 speed 20" fan 

3. Two boKis approximately B" % 20" x 24" 

4. Hexcell material (Hexcell material is closely spaced hexagonal cells of cardboard^Mke material that is 
used to even out the flow of the wind. Other possibli replacement could be open-ended cardboard 
tubes lied togethtM',) 

5. Wood stripping 8' X 1" X T5" 

6. String 

7. Dark-colored poster board (green) 

8. JOOm m sand {10 IbsJ or k lbs. of SUPERFINE sugar 

9. Very fine sirairTer 

10. Container to hold sand 

1 1 . Flat-bottomed glass (4" diameter petrie dish or 2" diameter glass with smooth bottom) 

12. Hollow copper or aluminim tubing (pliable 30" x V/'] 

13. Masking tape 

14. Clear plastic wrap (12" wide) 

15. 40 or GO watt lamp, or strobe light 

16. Scoop and funnel 



REFERENCE ARTICLES 

The following articles all may be found In a special issue of the Journal of Geophysical Research^ voL 84, 
No. B14, December 30, 1979, devoted entirely to the scientific investigation of Mars, 

Breed, Carol S, et al.* Morphology and Dist^'ibutlon of Common "Sand'' Dunes on Mars: Comparison with 
Earth, pp. 8183-8203; a welNillustrated description of aeollan features on Mars. 

Tsoar, Haim et al.. Mars: The North Polar Sand Sea and Related Wind Patterns, pp. 8167- 8182; the aeoHan 
regime at the polar regions of Mars is discussed. 

Ward, A. Wesley, Yardangs on Mars: Evidence of Recent Wind Erosion, pp. 8147-8166; nicely illustrated 
interpryiations of the interaction of wind with locil martian geology. 

PRE-LAB 

None required 

POST^LAB , ' 

Thirty minutes: A post-lab discussion should consider the features formed and how they compare with 
features on Earth and Mars. 



T'l.^ :-r^:' v.a'ci?ot)- -.m In' ^ hex P-- ^ \ 20^' x ^^8") Kuni ;n?nct (do nnt fomov^ tht- flciPDi, 

Th- i;?:^;,-. ^ ,r i- »:u' lid': -'^'v cw ^ UiV -jm..- nfi tht; !0n (A. B, C). 

Tru^ t-AC) viU^; •v^ndaws u^.^ v^ul-d v/ith chtdt pi^^' - wrnr^ {^^.q.. S^fun Wrap) .snci tap^Mi frum ih- msidf^ The 
.^.> n!:i^t;f: ^ d^Vr'f^vnu:^ th- h^:qht d ■ 'h^ w:ndn.v (ci hit!./ '^-^^ ihun 12"). convonKMii lufigth 

- 16'\ 

y,-,.. / .-.-^^A ,j---'--d .M Uur kiO- riio ■ u C iovH v -^n nd nui TOr ant! p-r h np^ t 

Ht;xctdl ="-dtL^^U5! used to di:>tt;b'JU' Ihe vdnci mor?; uvumI-, .n iht^ lu nrit^j . Tp 1 5 rtUi r^r ;d! ih d honevCQmb of 
fi*^x*icKJrKi! C^IK, »^^ch atjout - n d^drnt'iyj. if ihii. niah'f/]! n.HV^ot Inj fuund. a suljstituiH would ijo severa! 
dn/tjri (luaM^^i/^^ niilk containcir^ Aith tho nnds r.^movHd and f;luod ion*/lh^;r on their sui-^, or '?mpty todul 
paper ' u! ' 

Th^^ hexc^n rnatHtial .s cur u; Ni^^ hi/., cd ih^ ^wnpU; -.,..;d'- ff.ifn>ME). which k^t^ps th.^ tjux fnan 
fjulidpsifig. Th^: frarnt; made from Aood sinf)p!i5g and ■Pif)ijid fit '^nuqgiy wPhin th*; tjux. An approximate 
dnnHn^ion 1^ 20" K 24' ' wth fhu narTO^vu^t pnrTion of Th- i!rippint| ( 1") facinq the fan = ^ 

Thf h^fxctill materia' 'S atiachf}d v.ah -LtMnq to the fram*^ = 

A sand ^ijrinkler (F] iS constructHd from the hollow cuppef or aiurTiinum tubsnq. 
The tubiru] pliahlr? 50 that d can ije tiirneci up at the ynds as b^hown, 

Ho'e^ M P/') ;ef! dnilyd punchnd at spar;na?;. if ihf^ holes a^^f injnch^Ki with a nad, punch through 
tjoth sidfis nf tha ujbmcj and use the exit holes Mr the t^ntiom. 

Funnels {plastic or cardboard) are placeci in both nndi and act as reseryoirs of sand. The sprinkler is placed 
thKiuqh the elofinated fioles in the flaps of the box (F') when indicdted in the exercise. 

Bnx.^s (Q H) are placed of^ the floor of the Wirui tunnel m order to raise the floor arya to nearer the center 
nf the fan (6"* aliQvo the floor is sufficient). The ianddtlled iray (I) is placed behind theie box^s m order to 
keep them from flyinq away by the wind £ind to catch ^ome of the sand after it leaves the posterboard. 

The dark^colf^refd pnntarboard umvides contrast to the %-^hite sand and ih removable for different experi^ 
ments. When piaced in the iunneh be sure rha^ ^he i)oard (:ind tjoxes) qnes ail the way to the front next to 
the hexcell materiah othirwse. the wind will go underneath the board, which then will become airborne. 

The fan (K) is placed w.thin the flaps at one und ynd ib directed into the tunnek A better arrantie nent 
would be tn place the f^n at thn other end, thHrebv drawincj the air throunh; however, this ar,annnment 
fisKs damac]e to the fan because of the fine sancJ. 

B-fore runninq the e^^p^nment, checK for rey:->ns expui lenc^fiq more erosion than Others hh a result of the 
siqn of the fan or the positiOnmy u\ the ht^xcel! niattjridL In sonii; irisidnce^, /ou may ha^e to nmve the 
^ to the stde tn order to get more even flow. 

This can be checked by sprinkling sand across the postertjoard and watching for ^'horspots" with the fan af 
m.^. , m or hinh speed. % ou probably will not.ce a strong hotspoi nea^ the tenter of the board arid near the 
^^xii side. This is p^tly the resuit of the wmd coming off the 'iicjes of the tunnel and partly fruni blowing 
sand landing in this region. For this reason, all objects placed rn the tunnel should bu near the front side of 
the %v:nclow. 
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O.... * rr. Th., ..r,.mn,..nc.,Hi :,...<! siJo TOO fin,. Th.s is 3-1 ui^;ai '.-.2'^ to." d'imonstrflt.nn i.n,l mov?- 

m.n:" F;M.. ann cuafKi ..n,h muf. .l,fr,tuit to :n rnol. m, Yuu con .He fact for :n ..xt.nU.d 
P,„t of th*Mix«M:.v,. a« wh,rh ciJfuf.,n! santi ;ir.; ui«! atui .-..ncl speeds compa' «ct. 

TS,.. .xp.p.i,..u .hnuld not I.e don, oul.ui. when th-K^ .winy Wind. In the ciMSrOOm, you might use u d.- 
M.;ctu! .lOPrc.x.mat-ly E fas; from the .;nd the tunnel, Th:! can !w conMructed t.v hnnq,ng pUistic frum 
the iuiCk of !v,u :w->uli: ch;!;is ynd t..n:ng ths pluStiC to th>- flooi. 
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AEOLIAN PROCESSES: MARTIAN Wli-iD TUNNEL 
f /nsinictor's K&i'j 



OBJECTiVES 



1, In t'K[)t>r iri'ient yoi.' will cic^monit rnt^j thn proc??SS of Wi'icl ^"?i05i on on surf^jcu fi*titures such cis craters 
snf.i hills. 

2. Through phc ogr aph ic in'Mr pr p t iOn and the ^vmtl tuniiij! activity, you \%\\\ rocofjfii/e winci-eroderi 
feaiurHS on MafS. 

MATER lALS 

1 . Wind tijfin«l modei 

2. Contatne! of 100 Atm sand ( ) super finC' sugu'" ( ) (ch&ck ^-ppfoDriait' onti) 

4 . F I a T b o 1 1 o m ed co n t a i ri er 2-4 i n ch e s m t j i a ni t y r 

5. Spot light (40^60 wv-itt) or strotJe 
G. fsolijT Of Cnntinidter ical^ 



PROCEDURE AND QUESTIONS 

1, Sprinkle the sand or sugar evenly oyer the floor of the wind tunneL Turn on the spot light 
and shine it through one window. Turn on the fan to low speed and view througin the other 
window. 

NOTE: Be certain that nobody stands in front of the fan or at the open end of the 
wind tunneL This will disturb the flow of air. If the fan does n;t begin to move the 
"sand" within a minute or so, turn the fan up to a higher speed. The movement of 
sand in this exercise will be slow. 

2. Does ti'ie sand move? 



3. What fan speed vvas necessary to begin the sand movement? 
Medium for s^nd, ^iQ^^' for sugar. 

4. How high above the wind tunnei floor did the sand rise? (measure in centimeters) 

Al>f)ro.\iii)Citoly 2 CffK 

5. If you were on a desert and a strong wind liegan to blow the sand, would you better be able 
to avoid the sand close to the ground or in a tower? 



6. Blown sand is an important cause of erosion and weathering in some jjarts of the world 
(and on Mars). Where would the action of l^lowing sand be strongest, close to the ground or 
several feet above the ground? Explain, 

C^DSff to rhf} surfacn. 



In ci tower. 
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'L Turr: off tnu fcjn .,nd insert iliu str^iifier ur siiiv^ BETWEEN THE FAN AND TUBE CELLS 
in front of it. FiM Xhu sfKinkicr (striiinejr) nnci tap it sO that ihy sancl heqins to blow oiit Ihe 
iioitts. Turn the fcin on to m^cjiLjm speed (tilyli if it lo^sn't move) dntl continue to iet t[ie 
^'sdfui ' siowly fiow out of the i:oies in the sieve. 

8- Huw far riown tfie tunnt^l cau you ciet';;ct Sijncl movenu/nt^ 

9. Turn off tlie fan anri pour tlie ^'sand" that is on the container (tunnel) liack into the tray. 
Ref)lacG the Ijoard and sprinkle an even layer of sand on the tunnel fioor. Midway between 
the two oijservation windows, pour a small pile of sand tlirough the sieve so that a small 
cono is fornied (ahout 2 inches fiicjlii. Place tlie flat [bottomed container on this pile and 
siowly turn it until a fiat bottomed crater forms. Remove the container. 

10. in [inh fidri ui trit^ acliwity. .^ju v\ i L h^ tui runu liiu fan un and off fieriod ical'y tu monitur 
the proqress of erosion of the crater. Turn the fan on to iiigiv After a mlnyte, turn off the 
^:!n nnd otTserve what chnnues h^ive occtirred to the crater and the surroundinq area. 

11. Sketch what you observed. Where is the sand i)eing de[)osited (put tiown) and where is it 
i;einy eroded? Which is carried Jarthest, tlie coarse or tIig fine sand^ 

Snn Ff^: in 



12. Follow thie s^ime fjrocedure In Step 10, injt allow the fan to blow for 4 more minutes. 

13. Willie the fan is blowing, icjentify the regions where most of the erosion rs occurring. 
14^ Wtiich direction does the sand move? 

15-. Based on your oljservation,- sketcfi what effect tfie crater has on the wind movement. 
(Imagine you could see tiie wind; sketch how you think it would l?e moving,) 

7V;^ Skutc/t iiGfuh'.' rcpraserns the (foraclynn^fiic charsiCtr^risr/cs of a annor whon wind blows [irrass it fmrn hift 
to right. (Wind stream is in the direction of thn larga arrows J Exportnwnts to visttnliie this nmdffl were 
done at the NASA Anies ResGarch Center, VORTEX COPE 
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Fig. 3.6: Wind tunrwf model craters. Tim left column of pictures shows a crater 
formed by a 2" diameter drinking glass puslwd into a mound of sand as tinw 
progresses from top to hot torn-. Tlie right column shows wind effects on a crater 
formed with a 4" dlametBr oetri dish fphotus are not to the same scale). The 
wind is /^lowing from left to right. Notice that in the second pair of pictures, 
both craters are developing two zones of erosion that enlarge in the third pair of 
photos. The dead space in between appearing as a tail of sand in the fourth pair 
of photos is actually a zone of deposition formed by lateral movement of sand 
into tlw region. Notice also that as time progresses, another erosional zone is 
developing uisidtf the crater on the upwind side of the "back*' wnIL The crater 
itself is begin n.-ng to dev^'-'h') n/i aeradynamir shape^ The sand in the zones of 
erosion is probably removed by turbulmn vortices fonned as the windstreain 
iireaks up along tiie *'side" walls. 



Turn off the fan. Rfemove the sand. Resprinkle the surfaci with a new layer of sand as you 
did in Step 9- Form a new cone but this time DO NOT FLATTEN IT. Turn the fan on to 
high speed. Leave the fan on until most of the material has baen removed from around the 
cone. Describe the shape of the cone now. 



Leave the fan on until most of the material has been removed from around the cone. 
Describe the shape of the cone. 

It has becotrw erodod. 



L,,r,!. Mt thr. phoTnnrruih of Mars (Fig, 3.3), Do you see anything similar to what you pro- 
ciuced in the tunnel? Which direction do you think the wind was b!owing?Are the dark areas 
tifihind the craters EROSIONAL zones or DEPOSITIONAL zones? 

rftp wernqe pre^nilinq ^Iml fK,s comp from the nartiwast (from top right toward lower left). The dark 
arejs arP prahMy urosmnal where bright, surface material has been scoured nway exposing darker, under- 
,, ,. , Thn i.rinhf rrif«f f,i(7.^ ,irT/ most Hkelv denositionai where bright surface materials, ponded in 

craters, lias haen blown out. 



Compare the results of the eroded sand cone to the martian photograph (Fig. 3.4) of the 
elongated hills On the Earth, elongated hills develop in desert regions as a result of continu- 
ous erosion by sand and wind coming from only one direction. These features are called 
"yardangs" and their existence on Mars suggests a desertlike climate and long history of 
wind erosion from prevailing winds. Compare with Fig. 3.5, 

See the third referenco article found in the ,'nstructor's Notes, 
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UNIT FOUR 



PLANETARY ATMOSPHERES 



The Earth is not unique in possessing a blanket of air covering its surface. Venus, Mars and 
the outer planets have dynamic gaseous envelopes. However, none of the other planets or moons 
has that special combination of gases which sustains life as we know it. Or perhaps it shomd be 
said that the special combination of gases on Earth was responsible for the evolution of life as 
we know it. 

A quick glance at the chart of the characteristics of the planets (inside cover) gives several 
other reasons why planetary atmospheres Lre different. First, surface gravity, the force which holds 
down an atmosphere, differs significantly among the planets. Second, the distance from the sun 
wiiV determine how much energy is available to heat up the gases in a given atmosphere: the closer 
a planet is to the sun, the more energy is available to propel the lightest atmospheric gases to an 
average speed exceeding the escape velocity. 

There are other factors that do not show up in the chart tg explain the differences in plane^ 
tary atmospheres. We know that the general chemistry and geologic history of each planet differ 
just enough so that if atmospheres formed by gases escaping from the interiors, the constituents and 
total pressure are likely to be different. Except for Pluto, the outer planets are, in fact, mostly gases 
under exotic states of pressure and temperature. 

Fig. 4.1: Viking Orbiter photograph 211024. 
This spwctBCuiar view of s huge dust cloud on 
Mars is a sample of the abundance of large scale 
weather disturbances on that planet. The cloud 
is oyer 8 km high and nearly 700 km long. It is 
located over Solis Planum at lfS, 92^ south 
of the great chasm Valles Mariner is which is 
visible at the top of the picture. Valles Marineris 
is filled with dust clouds. Scientists were able 
to track the movement of the cloud for several 
days. It is travelling to the southeast at about 
17 m/sec (about 38 mi/hrj. North is approxi- 
mately to the top. Not all monitoring of planets 
is done by photography. This cloud, for example, 
was identified as a dust cloud by its thermal 
properties. A special telescope detected its radi- 
ation in long (heat emitting) wavelengths. A 
second device used to detect water vapor helps 
confirm this finding. Non^photographic instru- 
ments are extrefnely important for planetary 
Bxploration. 
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CUiiS . Date 



CORIOLIS EPFECT 

OBJECTIVES 

By phfMoqitUihifiq ih^j yaab of tin an puck ns it proctiycis ncross a turfitaiiiu, you wii! f ff'mofistf aie iho 
Coiiohs Effuct. 

MATER lALS 

1. Polar lud (:jm-rj with ASA 3000 black .snd white film 

2. StrolH? iin- 

3. PhlOTD Tr!|)0{.j 

4. Alf puck 



PROCEDURE AND QUESTIONS 

1. Check to make sure the equipment is set up as indicated by the instructor (the strobe should 
be lociatecl about 1 meter from the turntable and at the same level as the turntable). 

2. For the first photograph, the tripod and the camera are off the turntable, Asa result, your 
frame of reference (in this case the camera) — the point from which you are viewing = is 
disconnected from the rotating turntable. Tfiis is similar to what you would see if you were 
high above the north pole and watching a rocket or an airplane fly across the polar region. 
Practice qliding the puck across The spinning turntable without hitting the tripod legs. 

After several practices, you should be ready for your first photo: 

a. Set the camera and focus it. 

b. Turn on the strobe light and set it for maxirnum flasfi rate. 

c. F iil the air puck. 

d. Turn off the room lights. 

e. Spin the table counterclockwise. 

f. Start the exposure just before the air puck is pushed across the turntable and then stop 
the exposure as the puck slides off the turntable, 

3. What pathi do you think the puck will take across the table? 

Straigiit - . . ... ... , to the right . ...... to the left . . ...... 

4. Wiiat pa'h does the air puck take in the photo? 

Straiglit ............ ........ to the right , to the left 
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Counterciockvvisy rotatiun; In tiiis (jyrt of tjie activity, the camera and tripod are placed 
on the turntable. So now, your frame of reference — the camera — will be connected to the 
rotating turntaiile. Tfiis is similar to what you normally see. You are on a "turntable" (the 
Erirth), whicfT is fpinniny wi'di a counterclockwise motion = 

Place the tripod legs in the metal fioiders on tiie turntalile; these will help keep tfie tripod 
from falllncj off as the talkie spjins. 

Practice giving the air puck a quick shove wriile the turntable rotates. Then proceed with the 
photo sequence: 

a. Set the camera and focus it, 

t). Turn on the strobe light and set it for maximum flasfi rate. 

c. Fill the air puck. 

d. Turn off the room lights. 

Spin tho table in a counterclockwise direction, 
f. Start the exposure just before the air puck is pushed across the turntable, then stop 
the exposure as the puck slides off the turntable. 

VVfiat \}B.t\} does the air puck take tfiis time: 

Straitjht ... .... . , to the right = . . ...... to the left - 



Is this the patfi the puck really took? Explain. Look at the photo and note [3uth tfie direc- 
tion the puck was sfioved and the direction of rotation of the turntable. 



Clockwise rotation: Again, the viewer's frame of reference is connected to the turntable, 
but this time the rotation is clockwise. Follow the same procedure as in No. 5, only this 
time the table sfiould be rotated in a CLOCKWiSfi fashion. 

What path does the puck take now: ' 

Straight = = . . , to the right . _ ... ■ -- r to the left . . - . 



How does it compare to the counterclockwise rotation? 



8. Look at tiie pfioto and note the direction of the moving puck ana the direction of rotation 
of the turntabie. 

a.. Which way would the turntable appear to rotate if you were looking from below? 



b. Which way would the puck appear to move? 



9. If ycu are on the rotating turntable, the puck APPEARS to have changed its direction, as if 
acted on by a **force." This IMAGINARY ''force" Is called the CORIOLIS FORCE and the 
curve of the puck's path is due to the CORIOLIS EFFECT, As you saw in the first photo= 
graph, the puck DID NOT actually experience a "force" as it crossed the rotating turntable. 
It merely APPEARED to experience a "force" because the viewing position (frame of ref- 
erence) was moving with respect to the actual straight patli of the puck. 

For counterclockwise motion, the "force" APPEARS to pull the puck to the right of the 
path; for clockwise motion, it APPEARS to pull the puck to the left. 

Tfiis same Coriolis "effect" also affects the motion of ocean currents, aircraft, rockets, and 
even very large ships. 

10. Examine the photograph of windstreaks on Mars (Fig. 4.2), In which direction was the 
v^ind blovving? 



11, Which side (left or right) does the wind seem to be deflected with respect to Its direction 
(that is, which way does the Coriolis "force"seem to act)? 



12, Mars, like the Earth, rotates counterclockwise (as seen from above the north pole) once in 
about 24 hours. 



How do you explain this deflection TO THE LEFT? 



b. In which martian hemisphere, the northern or southern, was this photo made (Fig. 4.2)? 
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Fig. 4.2: Viking Orbiter mosnic 211-B478. rev 326 A; crntereci termn mapping. Csnter&d at 20^ 25ff"W^ thiB 
mosaic is of a region on Mars ca/M Hesperia Planum. sit& of much seoHan activity. Note the bright streaks asso^ 
ciatec/ with some of the craters. They may fje used as wind direction indcators as the wind tunnel activity (Unit 
Three) cJemonstrated North is to the top. 
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CORIOLIS EFFECT 



(Instructor's Notes) 



ET^UP PROCfeDUF^E 

1. Placti the round table top on the turntable. Cut the black posterboard Into a circle of diameter 28" 
and center it on the round table top, 

2. Check for centering of the turntable and table top by spinning the turntable. 

3. Glue^ the metal finger pulls as shown in the illuBtration for Setarp B (these help to keep the iripod from 
sliding off the turtuable). 

4. Place the strobe light approximaiely 1 meter from the turntable. Set the^trobe on a box or books in 
ordfcM to L3f ing the light to the same level as the turntable top. 

5. When [he tripod is placed on the turntable, the *7ear'* tripod leg should be adjuBted so that it is slightly 
shuaer than the othdi !ygs. This permits contering the camnro above the turntable. 

6. Set the camera fof a time exposure: 

a. On automatic cameras set for "Indoors without Flash" 

b. Place exposure control on lens to ''Darker 

c- Film speed sett i rig: 7 5 (even though you will use 3000 speed film) 

Any polaroid camera will work if it permits time exposures and can be focused to approximately 
1 meter (3 feet). 

7 There is nothing magical or mandatory about the arrangements; they are simply convenient. In each 
set^up the "pusher^* and the photographer should practice coordinating their movements before turn- 
ing on the strobe light and taking the picture. The goal is to push the air puck across smoothly and 
rapidly while the turntable is rotating (-1 rev/5^^0 sec). The puBher should place the puck ON the 
surface and have a target on the othc/ side. That is, the puck should not be thrown or dropped onta 
the surface. 

SET-UP A: TRIPOD OFF THE TURNTABLE 

Fill the air puck. The pusher can start the turntable rotating and shove the puck across just 
after the cameraman has started the time exposure. The puck will fall off the turntable on 
the ether side. 



SET=UP B: TRIPOD ON THE TURNTABLE; COUNTERCLOCKWISE ROTATION 



Because the camera now will rotate during the time expoiure, the photographer (rather than 
the pusher) should control the motion of the turntable. This is easily done and controf'sd* 
In praotice, the turntable completes only about 14-turn during the time the pujck crosses the 
surface and the exposure is completed. The photographer begins to rotate the camera and 
platform, ready to start the exposure. As soon as the platform begins to rotate smoothly, 
start the exposure and release the puck. Practice this a few times before ydu photograph it. 



'is /Is 



BiMiiM 




SET^UPC: TRIPOD ON THE TURNTABLE; CLOCKWISE ROTATION 

This is essentially the same as set-up B, except the turntable is spinning in the opposite 
direction. Remember to have the puck on the turntable surface so that the turntable will 
rotate a little beneath the puck before shoving it towards the opposite side, 
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—Upper Left: Laboratdry set-up for atmospheric circulation exerciie. Polaroid camera is 
attached to tripod that sits on 30" diameter (3/4" thick) particle board with black posterboard. 
Everything rests on large storage turntable. Air puck is used for frlctionless movement across 
rotating board. 

—Upper Right: Strobe light photograph of air puck as it travels across rotating turntable. 
The tripod and camera are off the turntable and are in the same frame of reference as the air 
puck. 

— Lower Left: Strobe-light photograph of air puck with tripod and camera attached to 
counterclockwise-rotating turntable. Air puck appears to veer to the right of its direction of 
movement because the camera is rotating counterclockwise relative to the air puck. 

— Lower Right: Strobe-light photograph of air puck with tripod and camera attached to 
clockwise-rotating turntable. Air puck appears to veer to the left of its direction of movement 
because the camera Is rotating clockwise relative to the air puck. 
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CORIOLIS EFFECT 
(Instructor's Key) 

What path do you think the puck wMl take across the table? 

Straight , to the right .................. ........ , to the left ................. 

Answers witt vary. 

What path does the air puck take in the photo? 

Straight . , to the right ............................ , to the left .................. 

Thw air puck takes a straight path. See Page 86. Yhe tripod and camera are in the same frame of reference as 
the air puck -independent of the turntahie. 

What path does the air puck take this time? 

Straight ... . . . . ....^ -....^ ...... . . , to the right .... fl..^..... .. , to the left . .. . . ..^.^^ 

The air puck appears to be moving to the right because the camera is rotaring counterchck wise re/at/ve to 
the air pt/ck. This is what actuatly occttrs in the northern hemisphere. 

Is this the path the puck really took? Explain. Look at the photo and note both the direc- 
tion the puck was shoved and the direction of rotation of the turntable. 

No, this is the APPARENT path, The.puck actuaUy moved in a straight fine, ft appears to move to the right 
because the camera is rotating counterclockwise retative to the air puck. 

What path does the puck take now; 

Straight ........ , to the right to the left 

How does it compare to the counterclockwise rotationr* 

The puck moves to the left, opposite to the counterclockwise rotation. 
* 

Look at the photo and note the direction of the moving puck and the direction of rotation 
of the turntable, 

a. Which way would the turntable appear to rotate if you were looking from below? 
CounterclQckwise— opposite. 

b. Which way would the puck appear to move? 
The puck would appear to move to the right. 
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CORIOLIS EFFECT 
(Instructor's Key) 

What path do you think the puck wMl take across the table? 

Straight , to the right .................. ........ , to the left ................. 

Answers witt vary. 

What path does the air puck take in the photo? 

Straight . , to the right ............................ , to the left .................. 

Thw air puck takes a straight path. See Page 86. Yhe tripod and camera are in the same frame of reference as 
the air puck -independent of the turntahie. 

What path does the air puck take this time? 

Straight ... . . . . ....^ -....^ ...... . . , to the right .... fl..^..... .. , to the left . .. . . ..^.^^ 

The air puck appears to be moving to the right because the camera is rotaring counterchck wise re/at/ve to 
the air pt/ck. This is what actuatly occttrs in the northern hemisphere. 

Is this the path the puck really took? Explain. Look at the photo and note both the direc- 
tion the puck was shoved and the direction of rotation of the turntable. 

No, this is the APPARENT path, The.puck actuaUy moved in a straight fine, ft appears to move to the right 
because the camera is rotating counterclockwise retative to the air puck. 

What path does the puck take now; 

Straight ........ , to the right to the left 

How does it compare to the counterclockwise rotationr* 

The puck moves to the left, opposite to the counterclockwise rotation. 
* 

Look at the photo and note the direction of the moving puck and the direction of rotation 
of the turntable, 

a. Which way would the turntable appear to rotate if you were looking from below? 
CounterclQckwise— opposite. 

b. Which way would the puck appear to move? 
The puck would appear to move to the right. 
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CORIOLIS EFFECT 
(Instructor's Key) 

What path do you think the puck will take across the ta 
Straight , to the right 

Answers will vary. 

What path does the air puck take in the photo? 
Straight . , to the right ........... 

Thw air puck takes a straight path. Sbg Page 86. The tripod and a 
the air puck -independent of the turntable. 

What path does the air puck take this time? 

Straight = , to the right .... 

The air puck appears to be moving to the right because the earn 
the air puck. This is what actually occttrs in the northern heniispt 

Is this the path the puck really took? Explain, Look a 
tion the puck was shoved and the direction of rotation c 

No, this is the APPARENT path. The, puck act ual/y moved in a s 
because the camera is rotating counterclockwise retative to the aii 



What path does the puck take now: 

Straight . . = , to the right 



2, Which side (right or left) does the wind seem to be defler-t . > ir : direction; 

that is, which way does^the Coriolis "force'' seem to act? 



3. In whiah martian hemisphere, the northern or southern, ' v Je? 



4. Draw the path that a north-blowing wind should take ur ^ liUfi ce of the iarth in the 
northerh hemisphere, 



5. Draw the path that a southerly wind would take in the northern hemisphere. 
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CORIOLIS EFFECT - DEMONSTRATION I 

(Instructor's Key) 

PART A: CAMERA STATIONARY 

1 , What path does the air puck take m the photograph ? 

Straight ........... , to the right . to the left 

Wiih no rorstion, the puck shouid move straight across the table. 
PART B: COUNTERCLOCKWISE ROTATION 

1. What path does the air puck take in this photograph? 

Straight . to the right , , to the left 

2. Is this the path it really took? Explain. 

The air puck appears to be moving to the right because the camera is rotating countercfockwise refame 
to the air puck. The puck is aatuatly moving along an approxtmntety straight path. 

PART C: CLOCKWISE ROTATION 

1. What path does the puck take ? 

Straight , to the right , to the left ...... ............ 

2. How does it compare to the counterclockwise rotation? 

The puck moves to the left, opposite to the counterclockwise rotat/on. 

3. Which way would the turntable appear to rotate if you were looking from below? 
Co uh t ere lock wise - opposite. 

4. Which way would the puck then appear to move? 
The puck would appear to move to the right. 

PART D: WIND MOTION 

T Based on Fig. 4,2 showing windblown streaks associated with craters. In which direction 
was the wind blowing? 

The wind was blowing from the north to the southeast, or top to bottom. 
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2. VVhich side (right or left) does the wind ieem to be deflected with respect to Its direction; 
that Is, which way does the Coriolii ''force" seem to act? 

The wind is deflected to the /eft. 

3. In which martian hemisphere, the northern or southern, was this photo made? 
This photograph was taken in the martian southern hemisphere, 

4. Draw the path that a north-blowing wind should take on the surface of the Earth in the 
northern hemisphere. 

The path should show a deflection to the rfght 

5. Draw the path that a southerly wmd would take in the northern hemisphere. 
Again, the deflection would be to the wind^s right. 
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Clais,.....,...._...... Date 



CORIOLIS EFFECT^ DEMONSTRATION II 

OBJECTIVE ^ ... 

By plotting the motion of pn object across the surface of both moving and non-moving spheres, you will 
demonstrate the real and apparent motions of objects moving across the Earth's surface. This motion is 
known as the Coriolis Effect. 

MATERIALS 

1. Large markable globe or turntable covered with paper (markabli) 

2, Chalk or crayon 



PROCEDURE AND QUESTIONS 

1. With the large globe resting on a table and its axis verticaL draw a straight line from the 
north pole (or center of the curntable) to the equator (edge of turntable). This shows the 
path of an object moving southward from the north pole on a NON-ROTATING planet. 

2, In what way does this fail to show what is really happening to objects moving over the 
Earth's sunace? 



3. Repeat Step No. 1, but this time rapidly rotate (spin) the globe (or turntable) in a counter^ 
clockwise direction. Draw the straight line again from the north pole to the equator while 
the globe is spinning, 

4, Describe the line for^riad. 



S, Did the chalk actually follow a straight path? 



6. What does this demonstration imply about the n^otion of objects moving over the Earth's 
surfaca? 



EKLC 
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Examine Fig. 4,2. The streaks shown here are caused by the prevailing wind over this part 
of Mars. 



a. Do the streaks form a straight path? 



b. What does the shape of the wind streaks indicate abbut the existence of a Coriolis 
Effect on Mars? 



c. Does Mars rotate? 



oO A 
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CORIOLIS EFFECT - DEMONSTRATION II 
(Instructor's Notes and Answer Key) 



OBjeCTlVE ' 

By plotting the motion of an ob|8ct across the surface of both moving and non^moving spheres, you will 
demonstrate the real and apparent motions of objects moving across the Earth's surface. This motion Is 
known as the Corlolis Effect, 

MATERIALS 

1. Large markable globe or turntable covered with paper (markable) 

2. Chalk or crayoff 



PROCEDURE AND QUESTIONS 

1. With the large globe resting on a table and its axis vertical, draw a straight line from the 
north pole (or center of the turntable) to the equator (edge of turntable). This shows the 
path of an object moving southward from the north pole on a NON-ROTATING planet, 

2. In what ,way does this fail to show what is really happening to objects moving over the 
Earth's surface? 

In this model, the "'Earth " is not rotattng. 



3. Repeat Step No. 1, but this time rapidly rotate (spin) the globe (or turntable) in a counter- 
clockwise direction. Draw the straight line again from the north pole to the equator while 
the globe is spinning. 

4. Describe the line formed. 

This fine wilt show a deflection to its right. This deflection is influenced Ijy the speed of the spin. 

5. Did the chalk actually follow a straight path? 
Yes, the curve is due to the rotation of the sphere. 

6. What does this demonstration imply about the motion of objects moving over the Earth's 
surface? 

Objects mo\/ing over the Earth's surface (oyer fong distances} appear to be deflected due to the Earth's 
rotation. This is only an apparent deflection, however. The objects are really following an approximately 
straight path. 
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Examine Fig. 4.2. The streaks shown here are caused by the prevailing wind over this part 
of Mars, 

a. Do the streaks form a straight path? 
No. 

b. What does the shape of the wind streaks indicate about the existence of a Coriolis 
Effect on Mars? 

There must be a Cor id is force on Mars. 

Does Mars rotate? 
Yes. 
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Name 

Class' ...„,,.,........,.,,...-Date 



STORM SYSTEMS \ 

OBJECTIVES i 

1. By examining photographs of the Earth, Mars, and Jupuer, you will recognizo the influence of the 

Coriotis effect on wind circulation patterns = 
n By ,i^:irTiiTi.nn .^dHftionfll photoqraphs, yoii will recognize other weather systems on the three planets. 

MATERIALS 

WoiUi rriup^. 

PROCEDURE AND QUESTIONS 

Atmospheric circulation has long been known to be causeu by differences in heating between 
the poles and equator On an ideal non rotating Earth warm air would rise over the equatorial 
reqions lowering the air pressure there. Air would then circulate northward to the cool, polar 
regions where it would sink, increasing the air pressure locally/To connplete the cycle the cold, high 
nressure air would travel southward at ground level to return to the equator. This simplified pattern 
of circulation (Fig. 4.3) is complicated by the spinning of the Earth, breaking the circulation into 
several cells from poles to equator. But it is nonetheless true that air moves from regions of high 
pressure to regions of low pressure. The pressure difference, or gradient, is the driving force, but 
other effects prevent the trajectory of a given mass of air fron^eing a. direct one from high to low. 
Friction between the ground and the air modifies its motion. But the Coriolis effect, as you saw m 
the preceding activity, has the greatest influence by deflecting air masses to the right in the northern 
hemisphere and to the left in the southern hemisphere. Figure 4.4 shows this effect. 




Fig, 4.3: An id&alized pattsrn of air circulation on a 
model planet. Although completely unrealistic, a 
simple pattern of airflow would soon develop over a 
planet as shown if the planet were not spinning and 
the axis were at right angles to the orbital plane. The 
Sun would heat the planet most strongly at the suh^ 
solar point, the equator. Air would rise and lower the 
premjre locally. Colder, denser air would sink at the 
poles, raising the air pressure locally. 
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Time 1 Time 2 Time 3 



Fig. 4.4: As an arbitrary small mass of air, called an air parcel, n)o\/es undar the influence of a pressure gradi 
pat hi is not a direct one from high to low. Ths curved lines around the low pressure center are points of eqUi 
sure, or isobars^ They are like contours of topograohy, where the low pressure center can be considered a ^"W 
sink for air, and the high pressure center can be considered a ridge or source of air. The air parcel is deflected 
right In the northern hemisphere as time progresses. Thus, the final motion of an air parcel Js nearly parallel 
isobars, rather than crossing them directly. In the southern hemisphere, the mirror image of the diagram is ob. 

The cyclonic storm is the fundamental mechanism for turbulent, inclement weather on I 
Cyclones, not to be confused with tornadoes, are huge, well-organized low prepsu re centers ^ 
develop along boundaries between air masses. High pressure cells are called anticyclones, A 
cyclone intensifies, so does weather activity along the boundary, or front The motion of air p 
on Earth, as described in Figure 4,4, generate such low pressure centers. Air parcels can app 
iow pressure cells from all directions. Because of the Coriolis deflection .a circulation of wl 
set up around the low pressure centers. Figure 4,5 shows how the circulation begins. The net 
is a counterclockwise spiral of air parcels into the low center in the northern hemisphere, and a ( 
wise spiral in the southern hemisphere. ^ 




Northern Hemisphere ' Southern Hemisphere 



Fig. 4.5: A simplified schematic showing how low pressure cells (cyclones} develop. Air parcels heading 
toward the lows are deflected by the Coriolis effect and set up the circulation patterns shown. 
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Examine the NOAA satellite photomosaic of the northern hemisphere (Fig. 4,6). The clouds 
appear to form tightening spirals to the north. Examine in particular the spiral on the 2248 
GMT meridian (left and slightly above center). These spirals are low pressure cells or cyclones. 
Surface winds converging into the low are affected by the Coriolis force (compare with 
Fig. 4.5). . 

a. Which way do the spirals appear to be tightening, clockwise or counterclockwise? 



b. Why? 



c. What do you think the long tail of clouds attached to the spiral repressnts? 



d. What kind of weather is likely to be associated with this cloud pattern? 



In which direction does Earth rotate as seen in Figure 4,6? 



Why do you think weather systems move from west to east? In other words, why does a 
storm over California end up in Virginia in a few days? 



Examine the NOAA satelHte photomosaic of the southern hemisphere (Fig, 4.7). 

a. Notice the werhdeveloped spiral of clouds southwest of Australia (off the coast of 
Antarctica below center). What is this feature? 



b. Which way does the cloud spiral tighten? 




What is the difference between the cloud patterns in the southern hemfsphte<e and the north' 
ern hemisphere? 



Which way does the Earth rotate as seen in Figure 4.7? 



Why do you think the tail of clouds ennanating from the spiral extends m the direction 
observed? 



Examine Figure 4.8, Notice the beautifully defined spiral over northeastern Europe and 
another east of Greenland. Compare it to the diffused spirai off the southeastern coast of 
South America, Explain why they both look as they do. 



The band of clouds across the central portion of the picture is called the Intertropical con- 
vergence zone (ITC). It occurs where maximum heating drives moist air into the upper 
atmosphere. 

a. Look at Figure 4.8. Where should the ITC be located according to the simplified picture? 



b. Look at your world map. Locate the equator in Figure 4.8. Is the ITC north, south or 
directly over the equator? 



c. What season of the year is it most likely to be based on your answer to b? 



Again look at Figure 4.8. What kind of weather would you forecast for the next 24 hours in: 
a. Madrid? 
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b. Cairo? 



c. Cape Town? 



d. London? 



11, Study Figure 4.9. Fay particular attention to any wind indicators you might see. IVlars 
rotates in the same direction as Earth, 



What evidence is there that the Coriolis effect Is at work her . 



b. How can you be sure that this is the southern ice cap? 



12. Look ?,t Figure 4.10 taken by a spacecraft over Mars. 

a. What do you think this cloud feature is? 

b. In what hemisphere is this feature and why? 



13. 



Figure 4,11 was taken by a spacecraft that flew past Jupiter. The Great Red Spot (GRS) 
appears to be a great storm, 

a. In which direction are the winds around the GRS rotating? 



b. Is the GRS located in the southern or northern hemisphere? 
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c. Is the rotation correct for a Coriolis^ induced low pressure storrn? 




(Instructor's Key) 

Examine the NOAA satellite photomosaic of the northern hemisphers (Fig. 4.6). The clouds 
appear to form tightening spirals to the north. Examine in particular the spiral on the 2248 
GMT meridian (left and slightly above center), Thesci spirals are low pressure ceHs orcyclones. 
Surface winds converging into the low are affected by the Coriolis force {compare with 
Fig. 4.5), 

a. Which way do the spirals appear to be tightening, clockwise or counterclockwise? 
Co untarcloc k wise- 

b. Why? 

The Cor to! is deflection of winds in vhe northern hemisphere causes a countercfockwise circu/mion 
around a low^ 



c. What do you think the long tail of clouds attached to the spiral represents? 
A cold front: rain squals. 

d. What kind of weather is likely to be associated with this cloud pattern? 



Showers, perhaps heavy; depending on season, snow, sieet, haiL etc. 
In which direction does Earth rotate as seen in Figure 4,6? 



Counterciock wise. 

Why do you think weather systems move from west to east? In other wurds, why does a 
storm over California end up in Virginia in a few days? 

Counterclockwise motion of Barth exerts a frictional drag on the atmosphere "pulting" it along at a slower 
pace in a counterclockwise direction: west to east. 

Examine the NOAA satellite photomosaic of the southern hemisphere (Fig. 4.7). 

a. Notice the well-developed spiral of clouds southwest of Australia (off the coast of 
Antarctica below center). What is this feature? 

A low pressure cell; a cyclonic storm, 

b. Which way does the cloud spiral tighten? 
Clockwise. 

C. Why? 

The opposite Coriolis deflection (to the left) is expecte^^f^ ^e southern hemispherth 

lis 



What is the difference between the cloud patterns in the southern hennisphere and the north= 
ern hemisphere? 

ThQy are similar in form, but opposite in direction. Also note that partsms are slightly more regular than 
those in the northern hemisphere because in contrast to the northern hemisphere^ /and masses do not inter- 
fere significantly with the circulation arounf' the southern pole to 45^ S latitude. 
Which way does the Earth rotate as seen in Figure 4.7? 



Why do you think the tail of clouds emanating from the spiral extends In the direction 
observed? 

The front and air masses near the Qyclonic storm lag behind the motion of the cyclone itself. 



Examine Figure 4.8. Notice the beautifully defined spiral over northeastern Europe and 
another east of Gnaenland. Compare It to the diffused spiral off the southeastern coast of 
South America. Explain why they both look as they do. 

Both are cyclonic storr.ns or low pressure cells. Northern and southern storms spin in opposite directions. 
The weather In the northern storm is likely to he more violent and organised. 



The band of clouds across the central portion of the picture Is called the intertropical con- 
vergence zone (ITC). It occurs where maximum heating drives moist air into the upper 
atmosphere* 

a. Look at Figure 4,8, Where should the ITC be located according to the simplified picture? 
0\/er the equator. 

b. Look at your world map. Locate the equator in Figure 4,8. Is the ITC north, south or 
directly over the equator? 

North of the eguator, 

c. What season of the year is it most likely to be based on your answer to b? 

Midsummer since the Sun is directly over those latitudes just north of the equator at that time. Maj(f- 
mum heating occurs at the subsolar point M/dspring is also a reasonable answer. 

Again look at Figure 4.8, What kind of weather would you forecasi for the next 24 hours in: 

a. Madrid? 

Increasing cloudiness followed by rain, heavy at times. 



Clock wise. 
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b, Cairo? 



Continued dear and hot. 
c. Cape Town? 

Pnrtly c/oi/cfy and cold. 

cl. London? 

Continued showers fikefy, cooling. 

Study Figure 4.9. Pay particular attention to any wind indicators you might see. Mars 
rotates in the same direction as Earth. 

a. What evidence is there that the Coriolis effect is at work hers? 

There are several dark wind streaks behind craters north of the polar Ice. The strrnks trail the craters to 
the nor west. Cool, northward moving air was deflected to the west fleft)^ 

b. How can you be sure that this is the southern ice cap? 

The left deflection of winds indicate the picture was taken in the southern hemisphere. 

Look at Figure 4J0tal<en by a spacecraft over Mars. 

a. What do you think this cloud feature Is? 
A low pressure center; a cyclonic storm. 

b. In what hemisphere is this feature and why? 

Northern hemisphere: spirals are tightening counterclockwise around the low. 

Figure 4.11 was taken by a spacecraft that flew past Jupiter and is now on its way past 
Saturn and out of the solar system. The Great Red Spot (GRS) appears to be a great storm. 

a. In which direction are the winds around the GRS rotating? 
Counterclockwise. 

b. Is the GRS located in the southern or northern hemisphere? 
Southem. 
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c. Is the rotation correct for a Coriolis-induced low pressure storm? 



A/a ttw rotation of the GRS in Fig. 4,11 appears to be countercfockwise. Close observation shows 
that gases are piling up into turbulent eddies on the western (left) side of the GRS and are smoothly 
flowing around the system on the eastern side. 

The GRS is a storm of unknown origin. Although Voyager was able to measure its rotation 
rate, it could not conclusively prove if clouds were rising out of the center or diverging at the top. 
The rotation of the GRS is evidently a result of bands of wind moving in opposite directions north 
and south of it. This is called shearing. It is equivalent to rolling a ball between the palms of your 
hands as you move them in opposite directions. The GRS is not the result of the Coriolis effect 
on Jupiter. 
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UNIT FIVE 

THE GEOLOGICAL MAPPING OF OTHER PLANETS 



Few things are as important to explorers as good maps. The same is true for planetary scien- 
tists who must do their exploring by looking at spacecraft pictures. The importance of surface maps 
to the scientific study of a planet cannot be overestimated. The geologic history of a planetary 
surface can be read from specially drawn maps. Measurements of the sizes of planetary features 
can be derived from precision mapping. An appreciation for the scope and mechanisms of external 
{e.g- cratering) and internal (e.g. volcanic) processes comes from mapping. 

There are many types of maps that can be drawn to describe a planet s surface. The simplest 
rs a reproduction of the visible surface features within a chosen area at an appropriate^ scale on an 
appropriate projection. Photographs or shaded relief maps can serve this purpose. Topographic 
contour maps superimpose elevation data on the base maps. Geologic maps identify distinct surface 
materials on the base map and place the units in a time sequence. In this unit the principles of 
geologic mapping are developed. 




Pig. 5. 1 : The geo/ogy o- the Lunar Apennines. This is 
B small section of the 1971 geologic map of the near 
side of the Moon by WH helms and McCauley (U.S. 
Geological Survey Map 1-703). The map is a combi- 
nation of observations and interpretations of lunar 
surface materials displayed in such a way as to make 
sense out of the seemingly complex Jumble of fea- 
tures. Materials with similar characteristics are 
enclosed by boundary lines called contacts. Bach 
material unit is identified by a two^ letter symbol that 
specifies not only its type^ but also its relative age. 
The work is based partly on spacecraft and partly 
on telescopic photography. 



122 



Name 



Class __^Date 



PHOTOG^OLOGIC MAPPING OF THE MOON: THE PROVINCES 

OBJECTIVE 

To fecognizg how careful observations of a plariet can be turned Into geologic maps that yield valuabi 
infofmation, 

MATERIALS 

None required. 

PROCEDURE AND QUESTIONS 

A geQlogic map is a tool used to display geoiogic information in a concise and descriptive way 
Such a map allows a geologist to represent his observations in a form that can be understood 
others. It summarizes observations made at different geographic locaritles in a unified form. A geol 
ogist uses a geologic map as a physicist uses a graph. To understand a great many geologic observa 
tions in a compreheniive way without a map would be difficult. 

The making of geologic maps involves classifying surface and near-surface rocks in dffferen 
units according to their type and age. On Earth this involves a combination of field worK laboraton 
studies^ and analyses of aerial photographs. In planetary geology, geologic mapping must be doni 
remotely— mostly by interpretation of spacecraft photographs (field work is rather costly and no 
always practical!). Map units are identified on photographs by distinct, observable characteristics 
such as color, roughness, resistance to erosion, light-scattering ability, or other physical or chemica 
properties. It is assumed that similar rock types or rock forming materials will have similar charac 
teristics on the photographs. 

On the Moon and Mercury most of the effort in making geologic maps Involves distinguishlnj 
various units created by impact craters, Voicanlsm also created some units. The same Is true on al 
other inner planets. The Earth and Mars also have atmospheres which contribute new processes 
In general all planetary surfaces have been subjected to voicanlsm. Impact cratering, gradatlor 
(e,g, erosion) and tectonism (e.g. earthquakes). The relative importance of each is responsible foi 
the different "faces" of the planets we see. 

This brief exercise shows that the surface of the Moon is not the same everywhere. The Moor 
can be roughly divided into two provinces or terrains. Each of the two terrains is made up of man\ 
different units. Small areas have distinctive characteristics that, when observed on high resolutior 
photographs or on the ground, are seen to be separate rock units, or formations. But the first step 
in planetary exploration is always to simplify the general appearance of a planet, to look at "the bk 
picture". 

1, Examine Figure 5,2, an observatory photograpli of the near side of the Moon. 

a. Is the surface of the Moon homogeneous, that is, is it composed of material that appean 
to be the same everywhere? 



b. Why or why not? 




Fig. 5,2: The waning gibbous Moon. NotfcB that n&ar the terminator the detail seems to increase, in fact, the higher 
the sun ciimbs in the lunar sl<y, the brighter the surface appears because of the high reflectivity of the cratered 
terrain. The bright ray patterns surrounding some of the prominent impact craters become most obvious under 
nearly overhead illumination. Photo from the personal collection of Ewen A. Whi taker, University of Arizona, 
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2. What is most noticeabli about the lunar surface? 



3. Determine for yourself that the Moon can be divided into two main terrain types or provinces, 
(for example, continents and oceans on Earth), List as many characteristics of each terrain as 
you can. Study Figure 5,2. 

TERRAIN "A^' TERRAIN "B" 



4, What characteristics of the lunar surface (that can be distinguished on the photographs) did 
you use to distinguish the two terrains? 
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PHOTOGEOLOGIC MAPPING OF THE MOON: THE PROVINCES 



(Instructor's Key) 



Examine Figure 5.2, an observatory photograph of the near side of the Moon, 

a. Is tfre surface of the Moon homogeneous, that is, is it composed of material that appears 
to be the same everywhere? 



b. Why or why not? 

At this scsle. the lunar surface appears heterogmeous-. 
VVIiat is most fioticeable about the lunar surface? 

The nwst obvious characteristic of the lunar surface is the presence of crawrs, froni &xtr&mely targe degraded 
circular structures (basins) to bowl-shaped depressions at the limit of resolution. 



Determine for yourself that the Moon can be divided into two main terrain types or provinces, 
(for example, continents and oceans on Earth). List as many characteristics of each terrain as 
you can. Study Figure 5,2, 



No, 



TERRAIN "A 



! 1 



TERRAIN -'B'' 



1. 



The Lunar Maria (dark plains) 



smooth (low relief } 



dark (low albedo) 



The Lunar Terra (bright highlands) 
T light (high albedo) 
2. rough (high relief) 



sparsely cratered 



3, heavily cratered 



topographically low areas 



4. topographically high areas 



What characteristics of the lunar surface (that can be distinguished on the photographs) did 
you use to distinguish the two terrains? 



Albedo (reflectivity), topographic relief, density of craters. 
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PHOTOGEOLOGIC MAPPING OF THE MOON: STRATIGRAPHY 



OBJECTIVES 

To demonstrate how stratigraphic units can be ricognized on another planet and how they can be ordered 
in tirne, 

MATERIALS 

1. 8' 2" X 11" clear film acetate overlays 

2. Grease pencils 

PROCEDURE AND QUESTIONS 

Nicholas Steno, a seventeenth century Danish physician, is credited with first stating the 
simple but powerful geoiogical PrlnGiple of Superposition, He wrote that . . at the time when 
the lowest stratum was being formed, none of the upper strata existed," or in its modern restate- 
ment, the youngest strata are found at the top of a vertical sequence, the oldest at the bottom. 
Although this principle seems obvious, erosion and tectonism (movement of the crust) sometimes 
makes it difficult to sort out the correct sequence in which rocks were stratified on Earth, On other 
planets, however, this principle is translated into relative age determinations through observations 
such as onlap, embayment relationships, transection, crater density, and crater degradation. Look 
at the idealized geologic map in Figure 5.3. Three rock units have been mapped based on their 
identifiable and distinctive surface characteristics (surface morphology, albedo, etc). How are 
their relative ages determined? Unit A embays several of the large craters and topographic promi- 
nences characteristic of Unit C. This strongly suggests that Unit A onlaps onto, or Is superposed 
onto. Unit C, Therefore, Unit A appears relatively younger than Unit C. Supporting evidence for 
this conclusion can be found In terms of Impact crater density and crater degradation. Impact 
craters are much more abundant on Unit C, and the majority of craters found there are more 
degraded than those found on Unit A, Since more Impact craters accumulate on a surface with time, 
this supports an older age for Unit C. What about Unit B? This unit appears superposed on Unit A, 
and portions of the unit even appear to onlap onto Unit. C, Thus, from these relationships, it can 
be established that B Is the relatively youngest unit, A is the next oldest, and C Is the oldest unit. 
What about the two graben or faults in the area? Fault 1 cuts, or transects Unit C (and is thus 
younger) but does not cut and is embayed by Unit A (and is thus older). Fault 2 transects Units C, 
A and B, and Is thus the youngest mapped feature in the area. From the series of concepts rooted 
in the Principle of Superposition we can arrive at the following relative age sequence (stratigraphic 
coiumn) and history for the region (oldest listed at base): 





GEOLOGIC ROCK UNITS 


FAULTS 


Youngest 




Fauh 2 




Unit B emplgcement 






Unit A emplacement 








Pault 1 


Oldest 


Unit C emplacement 
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Youngest 



T 

Olriest 







GEOLOGIC ROCK UNITS 


FAULTS 




Fault 2 


Unii B emplaqtmQnt 




Unit A emplacement 




Unit C ernplacement 


Fault 1 



Fig, 5.3: An Idealiiad portion of the lunar surface. Each unit is meant to display the obsarvable physical char- 
acteristics In general of real lunar surface features. 
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Figure 5.4 is a picture of the Apoilo 15 lunar landing site taken from the orbiting command 
and sen/ice module. The picture is also a ditailed look at the boundary between the two terrain 
types you studied in the previous activity. 

1. Place the clear film acetati over Figure 5.4. With the grease pencil trace the outline sepa= 
rating the two terrain types. 

2. Remove the acetate and list the characteristics you used to distinguish the terrains; that is, 
list the features of each terrain. 

TERRAIN A TERRAIN B 



3. What do you think is the age relationship between the two terrains? Give your reasons. 



4. Is there any discrepancy between your answer to Question 3 and the list of characteristics 
you made in the previous activity, Question 3? How might any problems be resolved? 



What is the possible origin of the sinuous trough (Rlma Hadley) winding from N=6 up to its 
bifurcation at C B? 



6. Replace the acetate and trace Rima Hadley, 

7. Look carefully at the prominent crater at K^7 (Hadley crater). What is its age relative to 
Rima Hadley? How do you know this? Whit about relative to the terrain in which it is 
found? Why? Relative to the other terrain? Why? 
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Fig, 5.5: The Lunar G&o/ogic Time Sca/B. 
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8, Look at the crater located at K-5. How is it different from Hadley crater (K=7)? What is 
K 5's age relative to Hadlgy crater? How can you be sure? 



9, Repiace the acetate and outrme all craters that have characteristics in common with Hadley 
crater, 

10. Study the region around Is there any evidence for another process that has left its 

imprint on the lunar surface? What is the age of this process relative to the terrain in which it 
is found? 



11. There is a very tiny crater located almost exactly at immediately southeast of two large 
craters lined up in a north-south direction. What do you notice about the surface immediately 
surrounding the small crater? What does that tell you about its age? Is this the only tiny 
crater with this characterisitic? (hint: look to the right of F-3) 



12. Repiace the acetate and outline the areas like those you discovered in Questions 9 and 10. 

13. Place all of the geologic units and special features you have just studied in the correct age 
sequence In the chart below. When you think you have the correct age sequence, consult the 
simplified lunar geologic time scale (Fig, 5,5). Then fill the appropriate time stratigraphic 
unit beside each feature. 
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youngest 



oldest 



GEOLOGIC ROCK UNITS 
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it} 



121 



132 



PHOTOGEOLOGIC MAPPING OF THE MOON: STRATIGRAPHY 



(Instructor's Key) 

T Place the clear film acetate over Figure 5.4. With the grease pencil trace the outrine sepa* 
rating the two terrain types. 

2. Remove the acetate and list the characteristics you used to distinguish the terrains; that is, 
list the features of each terrain. 

TERRAIN A TERRAIN B 

mare terrain highland terrain 

1. dark 1- mountainous 

Z flat 2^ bright 

3. cratorsd 3. crat&red 

4. troughs 4. eroded features 

5. crisp features 

3. What do you think Is the age reiationship between the two terrains? Give your reasons. 
The highland terrain is older because the mare terrain embays it. 

4. Is there any discrepancy between your answer to Question 3 and the list of characteristics 
you made in the previous activity. Question 3? How might any problems be resolved? 

The highland terrain should be more heavily cratered. It does not appear to be, but in fact the heavy craten 
ing history has eroded crisp features and obliterated older craters, 

5. What is the possible origin of the sinuous trough (Rima Hadley) winding from N-6 up to its 
bifurcation at C-5? 

Answers will vary, dVT-mo§t should suggest fluid flow, like water. Water was not found on the Moon. The 
fluid was basaltic lava flows. 

6. Replace the acetate and trace Rima Hadley. 

7. Look carefully at the prominent crater at K-7 (Hadley crater). What is Its age relative to 
Rima Hadley? How do you know this? What about relative to the terrain in which It is 
found? Why? Relative to the other terrain? Why? 

Hadley crater is younger than Rima Hadley because It obliterate part of it. It is younger than the terrain 
in which it is found because of superposition and younger than any feature older than the mare terrain. 
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Look at the crater located at K=5, How is it different from Hadley crater (K-7)? What is 
K-5's age relative to Hadley crater? How can you be sure? 



K- 5 is mort' degmded (eroded) and is iocated in the highland, mountainous terrain. Because it is located in 
a different unit and there are no obvious materials conimon to both, it is no* possible to telf the relative age. 

9. Replace the acetate and outline all craters that have characteristjcs in common with Hadley 
crater. 

10. Study the region around F=3. Is there any evidence for another process that has left its 
imprint on the lunar surface? What is the age of this process relative to the terrain in which it 
is found? 

There are "chicken track" or herringbone^shaped gouges on the surface surrounded by bright materiaL They 
appear to have been caused by a process other than fluid flow or initial (primary) impact. In fact, they are 
secondary impact structures carved by low angle, balHstfcally emplaced debris from a distant primary impact. 
The bright material, like rays, is locally disturbed materiaL The secondaries are thus younger than anything 
on the photo. 

1 1. There is a very tiny crater located almost exactly at immediately southeast of two large 
craters lined up in a north south direction. What do you notice about the surface Immediately 
surrounding the small crater? What does that tell you about its age? Is this the only tiny 
crater with this characterisitic? (hint: look to the right of F-3) 

This tiny crater also has a small bright ray pattern. That together with Its crisp appearance suggests that ft t's 
as young as the herringbone secondaries^ There are other examples elsewhere. 

12. Replace the acetate and outline the areas like those you discovered in Questions 9 and 10, 

13^ Place all of the geologic units and special features you have just studied in the correct age 
sequence in the chart below. When you think you have the correct age sequence, consult the 
simplified lunar geologic time scale (Fig, 5.5), Then fill the appropriate time stratigraphic 
unit beside each feature. 
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THE PLANETS IN STEREO 



OBJECTIVES 

To appr©ciate the importance of studying geologic features as three dimensional bodies. 
MATERIALS 

Classroom pocket stereoscope 
PROCEDURE AND QUESTIONS 

Geologists are concerned with ronk formations as three dimensional bodies. When geologic 
maps are drawn, they are never complete until a cross-section describing the vertical relationships 
formations is drawn. Drawing cross-sections of planetary surfaces is not always a simple matter. 
Natural Incisions in the surface, such as canyons or craters, are helpful in visualizing rock layering 
to 3 modest depth. Accurate topographic measuremints necessary for an understanding of planetary 
stratigraphy can be obtained from stereoscopic pictures. 

Special tools can be used with stereoscopic aerial plntures to draw topographic contour maps. 
Elevations can then be calculated for surface features. Today computers are used to draw complete 
topographic maps from a stereo pair of photos. But you can discover some simple geologic and 
geometric relationships among surface materials from careful study of stereograms. 

People with normal vision in both eyes have depth perception because they have stereo 
vision. We all have a pair of eyes with lenses that are separated by about 65 mm. Under normal 
circumstances the brain receives two images of the same target, each from a slightly different angle. 
The brain then interprets the scene as one, but with depth. We use the same principle to make a 
stereogram. 

Figure 5.6 is a stereogram made from Figure 5.4 and its stereo mate. Stereo pairs are made 
by taking two consecutive photographs of the same target from slightly different angles. A space- 
craft can automatically do this as it travels in its orbit. The special metric mapping cameras on 
board the Apollo vehicles took sequential pictures that overlapped by 78 percent. That is similar 
to the overlap that our two eyes provide for the same scene. To reconstruct the stereo, each half 
of a stereogram must be seen by a separate eye, A pocket stereoscope allows you to do this. 

1. ixamine Figure 5.6 using the pocket stereoscope. Study the contact (boundary where two 
different types of materials meet) between the hills and low dark plains. Describe the contact 
and draw some conclusions about the age relationship between the hills and plains. 
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Fig. 5,6: Stereogram of the Apollo IS landing site area. Left half is a portion of AS1S-0S86, right half, AS15 0S85, 
Spacecraft motion is from right to left parallel to the bottom edges of the pictures, Rima Hadley, the sinuous trough; ' 
is 300 m deep. The prominent central crater, Hadley, is SJ km in diameter. Corresponding features in the left and 
right halves are 60 mm apart. North is to the top. The spacecraft wa.^ 103 km above the ground. 
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Fig. 5.7: Star&ogrBm of Meteor Crater^ Arizona. The left and right framm WBre taken by a U.S. government 
aircraft flying from north to south over the crater. North is pointed to the right so that airorwft motion is 
from right to left. The dark square on the north n'm of the crater is the parking lot for the main Visitors Center 
located immediately east (below). An old dirt access road is seen approaching the south rim. The features on the 
floor of the crater are the remains of a turn-of-t he-century drilling outpost that was built to recover a suspected 
deposit of nickel and iron from the meteorite. None was ever found. We know why today: the meteorite never 
survived the impact. Total depth of the crater is 120 m. 



Fig, 5,8: A specially produced stereogram of the surface of Mars. Many stereo pai^ of Mars were constructed 
by the computer facilities at the Jet Propulsion Laboratory in Pasadena^ California. This particular product is 
JPL 77/08/1 6/221 51 8. It was made by taking orthographic projections of pictures from separate orbits of the 
Viking spacecraft (left picture VO 75 4A52, right picture VO 75 4A93), scaling each to match the other, and turning 
them so that apparent spacecraft motion is from left to right. The prominent circular feature at the bottom is 7 km 
iff diameter. North is in the direction of the teardrop point. The picture is 800 km east of the Viking Lander 1 
touchdown site. 
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Fig. 5,9: The surface of Man tn stereo. The Viking Lander spacecrmft had the capability of taking stereo picture 
at the landing site^ Since the Lander could not physically mo^e on the surface, it ms equipped with two cameras. 
The cameras were mounted on the top deck 80 cm apart. That is more than 10 times the average 6S mm baseline 
between our eyes. Therefore, Viking has a considerably enhanced '"depth perception " The cameras did not operate 
like our eyes or conventional film or television cameras. Therefore, special computer generated projections were 
required to reproduce this stereo pain The left picture isJPL 78/10/19/171012, the right isJPL 78/10/19/176118. 
The distance to the rocky crags on the horizon is about 4 km. Rocks in the near foreground are all a few tens of 
centi neters across. 
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3, Describe the age relationship between Hadley crater and Rlma Hadley and give your reason 



4. Study Figure 5-7 in stereo. Describe the rim and expl m why its appearance is consistent wil 
an impact crater. 



5. What do the dark dots on the rim appear to be? 



6,- Describe the texture on the interior walls of the crater. What are likely to be the reasons fc 
the texture? 



7, Look at Figure 5.8 in stereo. What is the large round feature at the bottom of the pictur 
Speculate about its origin. 



8. What is the relationship between the teardrop-shaped material and the circular structure 
Between the teardrop-shaped material and the outer material? 



9. Propose an origin for this interesting feature. What importance does the circular feature hav 
to the teardrop-shapeb material? 



10. Look at Figure 5,9 in stereo. What evidence is there for aeoiian (wind) activity at the landf 
site? 
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THE PLANETS IN STEREO 



(Instructors Key) 

Examine Figure 5.6 using the pocket stereoscope. Study the contact {boundary where two 
different types of materials meet) between the hills and low dark plains. Descnbe the contact 
and draw some conclusions about the age re^tionshlp between the hills and plains. 

The contact is very sharp and abrupt. It appears that the plains tap up and around the hills. The strong 
suggestion is that the plains once were material that flowed around the hills. 

What evidence is there that the Hadley crater was formed by meteorite impact into the 
dark plains, rather than the plains having flowed around an old pre-existing crater? 

The rim is raised and sf opes continuously upward from the plains^ 

Describe the age relationship between Hadley crater and Rima Hadley and give your reasons, 
Hadley 's rim appears to cover part of Rima Hadley on the east. The crater is thus younger by superposition. 

Study Figure 5,7 in stereo. Describe the rim and explain why its appearance is consistent with 
an impact crater. 

The rim is raised, typical of impact craters. 

What do the dark dots on the rim appear to be? 

\ 

Large boulders. 

Describe the texture on the interior walls of the crater. What are likely to be the reasons for 
the texture? 

Gullies due to erosion, wall failure, faulting, etc. 

Look at Figure 5,8 in stereo. What is the large round feature at the bottom of the picture? 
Speculate about its origin. 

An impact crater; raised rim, central peak, and terraced walls. 

What is the relationship between the teardrop-shaped material and the circular structure? 
Between the teardrop-shaped material and the outer material? 

The teardrop-shaped material appears to be a plateau or island on a plain. The crater is part of that island. 
In fact, the island formed as a result of the araten See next question. 

Propose an origin for this interesting feature. What importance does the circular feature have 
to the teardrop-shaped material? 

This may be an island in a dry river bed. The crater acted as a barrier to the f/ow forming a streamlined area 

behind It protecte J from erosion. 
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Look at Figure 5,9 in stereo. What evidence is there for aeoHan wind) activity at the lander 
site? 

There snpear to be dunes to the left snd patches of the same marena/ deposited in the center. Some of the 
rocks Cijufd be venti facts (carved by wind action). 



141 

V 3 130 



Ciasi 



Date 



LAr^DFORM MAPPING: MOON, MERCURY AND ARS 

OBJECTIVES . M - ^ . I H 

1. Using an Earih^L.asec lunar photcyfdah, you wiU describe and outlini the foUovving major geologic land^ 

forms: m^i highlands (terra) and major craters. 

2. Through examinatior of full gioiye photcgraphs, you will compare major landforms cn the Moon, Mer^ 

cury and Mars. . . , 

3. Through comparison of full plonot photagraphi and the table of charactenstics of the planets (ind= 

paptrs). you will describe: 

a. The m.ajor differ ^ncus in physical properties for the three planets, 

b. How observed d;ff^Tencss in physicjl propirtiis could Influence the observed landforms. 

MATERIALS 

T Grease pencil 

2. Compass 

3, Table of characteristics of the planets (endpapers) 



PROCEDURE AND QUESTIONS 



1 Examine Figure 5.10. Using the grease pencil, mark the boundaries of the different land= 
forms on the Moon. Describe the characteristics of each landform which you marked. 



2. Which landform features, the light^colored highlands or the flat dark maria, appears to be 
the most heavily cratered? 



3. Examine Figure 5. 11. What landforms do the Moon and Mercury have in common? 
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Fig. B.10; Photograph of tha waxing gibbous Moon, courtesy of Swan A. W/iitnay, University of Arizona, The 
north pole is at the top. Look up the diameter of the Moon (see table on the endpapen). 
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^ig. S. 12: The planet Mars. This photograph was taken by the Vikfrig spacecraft stiff several mill fori f^itometen 
way, as it approached Mars for insertion into orbit Many prominent surface features can be seen through the thin, 
'lear^ cfoudless atfTiosphere, f^ote especfafly the darf^^ circular prominence to the north (Just east of the terminator}, 
^/ose inspection reveals a crater in its center. Viking approach photograph VO 75 170C26, MTfS 1018. 
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jg ^here any evidence of ^^rayed" craters on Mercury? 



Notice the flat region to the left center of the Mercury photograph. This is the eastern ed( 
of a very large crater feature called the Caloris Basin a lava^filled structure some 13C 
km across. This is one of the largest and most interesting features on the surface of Mercur 

Examine Figure 5.12. Do the same features found on Mercury and the Moon also occur c 
Mars? 



Are there any significant differences? 



7. Examine the table listing the physical properties of the inner planets. List the major diffe 
ences in physical properties among the Moon, Mercury and Mars, Next to each ^'difference 
explain how It could affect the surface landscape. 



Are there any factors, other than those you pointed out in No. 7, that could mfiuence Ian 
scape features? 



Using a compass, draw circles showing the relative sizes of the 3 planets and the Earth, He 
does the complexity of the surface features relate to the size of the individual planet? 
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LANDFORM MAPPiNG: MOON, MERCURY AND MARS 
(Instructor's Key) 



OBJECTIVES 

1. Using an Earth-based lunar photograph, you will describe and outline the following major geologic 
forms: mare, highlands (terra) and major craters. 

2. Through examination of full globe photographs, you vvill compare major landforms on the Moon, 
cury and Mars. 

3. Through comparison of full plantt photographs and the table of characteristics of the planets ( 
papers), you will describe: 

a. The major differences in physical properties for the three planets, 

b. How observed differences in physical properties could influence the observed landforms* 

MATERIALS 

1. Grease pencil 

2. Compass 

3. Table of characteristics of the planets (endpapers) 



PROCEDURE AMD QUESTIONS 

K Examine Figure 5.10, Using the grease pencii, mark the boundaries of the different I. 
fornns on the Moon, Describe the characteristics of each landform which you mar 



Dark areas (man a) are fiat, smooth^ relax ivBly uncratered; light areas (terrae) are rugged^ bright and h 
cratered. 



2. Which landform features, the light-colored highlands or the flat, dark maria, appears tc 
the most heavily cratered? 

Light colored highiands. 

3, Examine Figure 5.1 1. What landforms do the Moon and Mercury have in common? 
Uncratered plains^ heavily cratered areas, bright-rayed craters. 
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Do any craters on the Moon show ''rays'7 

Yss 

Is there any evidence of "rayed'' craters on Msrcury? 
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Notice the fiat region to the left center of the Mercury photograph. This is the eastern edge 
of a very large crater feature called the Caloris Basin a lava^filled structure sonne 130C 
km across. This is one of the largest and most interesting features on the surface of Mercury 



Examine Figure 5,12. Do the same features found on Mercury and the Moon also occur or 
Mars? 

Some, mostly craters. 



Are there any significant differences? 

More smooth plains m this view of Mars than on the Moon or Mercury. 

Examine the table listing the physical properties of -the inner planets. List the major differ 
ences in physical properties among the Moon, Mercury and Mars. Next to each ''difference/ 
explain how it could affect the surface landscape. 

Grayity is higher on Mercury; would cause impact ejBCta to be thrown a shorter distance than on Moon 
Mars. DiffBrences in density could cause differences in crust^mantl^core properties that m turn would afh 
volcanic and tectonic activity. 



Are there any factors, other than those you pointed out in No, 7, that could influence lane 
scape features? 

Presence of atmosphere on Mars results in more effective gradation (weathering, erosion, etcj. 



Using a compass, draw circles showing the relative sizes of the 3 planets and the EartI 
does the complexity of the surface features relate to the size of the individual planet? 

The larger the planet, the more complex the surface. 




Class_^^^^^_ Date 
GEOLOGICAL FEATURES OF MARS 



OBJECTIVE 

When you complete this exercise, you will be able to examine photographs of the surface of Mari and de* 
scribe the dominant geologicel pfQcesses that have produced the landscapei shown in the photographs. 

PROCEDURE AND QUESTIONS 

PART A: VOLCANIC FEATURES OF MARS - AMONG THE MOST FAMOUS OF THE 
MARTIAN FEATURES ARE THE GIANT VOLCANOES 

T Figure 2.4 

Location 18^N, 133^W 
Olympus Mons 

Olympus Mons is a shield volcano 550 km in diameter, towering 24 km above the surround- 
ing plain. Around its base is an escarpment (steep cliff) which Is up to 6 km high; its origin 
is unknown, 

a. Is the caidera on top of the mountain a simple crater or a complex system of craters? 



b. What could cause the unusual structure of the cildera? 



2, Figure 5.13 

Location 13''24'S, 49^30'V\/ 
Equatorial plateau 

This is the edge of the equatorial plateau region. The plateau was probably formed by a 
series of lava flows, 

a. What does the small number of craters on the plateau indicate about the probable age 
of the plateau? 



b. Which agent of erosion could cause an escarpment such as shown here? Notice the edge 
is sharp without the branching channels typically found on Earth. 



PART B: THE GREAT CANYONS 

3= Figure 5, 14 

Tithonius Chasma, Location 89"W 
jus Chasma 

Note the general patterns of the canyons. Each canyon is about 60 km wide and 1 km deep, 
a. What typje of feature on Earth does this landscape resemble? 



b. How might a feature such as this one form? 



c. There is a sharp ridge along the center of this canyon which should not be found in a 
typical water^cut canyon. What do you suppose caused this ridge? 



PART C: EVIDENCE OF WATER ON MARS 
4. Figure 5,15 and Figure 5.1 2 

No liquid water has been found on Mars and little water is contained in the atmosphere, 

a. Where could water be trapped on Mars? 



b. How do we know that liquid water ever existed on Mars? 



5, Figure 5. 16 

Location 4- N, 27^30'W 
Tiu Vallis 

Shown here Is a channel about 45 kilometers wide. Note the flat areas near the channel 
banks, the small channels which seem to braid together, and the teardrop-shaped islands. 
This evidence points to erosion and deposition by water. 
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Fig. 5. 15: U.S.G.S. mosaic of the surface of Man. Tfiis chaotic terrain is located near fO°S, 43° W south of Chryse 
Planitia. The box canyon is about 40 f<m wide at its head Sout^ is to the top. 




Fig, 5. 16: Viking Orbiter photograph 83A3d. A portion of Tiu VatHs on Mars. North is to the top. 
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What evidence is shown In the photograph to indicate the direction the water flowed? 



Examine the entire landscape shown in this photograph. Notice the bumpy, hum- 
mockY landscape around the channel. Note the channel. List the sequenGe of events 
that might have created this landscape from the first event to the present. Remember 
that the agents of erosion which have modified the tandscapes on Mars are running 
water, wind and gravity. 



6, Figure 5,17 

Location 17'N, 55"W ^ 
West of Chryse Ptanitia 

Notice the series of channels apparently cut by running water, 
a. Were the channels cut before the period of cratering? 



b. What evidence is there for this conclusion? 



c. What evidence is shown to indicate the direction of stream flow? 



1. Figure 5,18 

Location 22^N, 33^W 
Eastern part of Chryse region 

* 

This view of the eastern part of the Chryse region is near the Viking I landing site, Note 
the teardrop-shaped features around the craters. 
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Fig. 5. 18: Viking mosaic 21 U4987. Part of Arm Vafiey on Mam. Channet beds and islands near the 
Viking Lander 1 site indicate ancient turbulent flow. The teardrop Island is about 40 km long. North is 
to the top. 



145 



156 



a. What evidence is tf-ore to indicate the flow direction in this channel? 



Are all Craters in this photograph older than the stream-type channel? 



PART D: AEOLIAN FEATURES ON MARS 

8. Figure 3.2 ' 
Location 47^S, 330^W 
Hellespontus 

Winds on Mars are probably Iniportant landscape changing agents. Blowing at speeds of ov 
100 mph for long periods of time, they are capable of changing many surface features, 

a. What wind produced landscape feature is shown on the floor of this large crater? 



b. What evidence is shown in this photograph to indicate wind direction? 



c. What are the approximate dimensions of the ridges in the crater (width, length)? 



d. What does the presence of the ridges indicate about the type of material that maki 
up the martian surface in this area? 
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9. Figures 3.3 and 3.4 

a. What evidence of wind erosion is shown here: 



b. How not lid wind direction be determined: 



1 0. F igure 5.19 

Location 47^N, 226''W 
Utopia Pianitia 

Two tfieories have been advanced to explain the texture of the rocks seen at the Viking 
Lander 2 site: 1) they are volcanic and their surface is vesicular; that is, full of holes 
formed by gas escaping while they were stili hot; and 2) they are probably igneous and have 
pits formed by the etching out of softer minerals by erosive action of windblown sand 
particles- 

a. Examining other features in this photograph, what evidence indicates features due to 
action by wind? 



PART E: ANCIENT TERRAIN OF MARS 

IT Figure 5.20 

Location 24-S, 
Sinus Meridiani 

Among the oldest of the martian features are the heavily cratered areas. In areas such as 
these, many different processes may have operated to create the landscape shown, 

a. From your knowledge of the factors that control the landscape form (internal forces 
such as volcanism, external forces such as erosion by water, the type of rock, such as 
lava or sand, and the amount of time involved), describe the role of each of these 
factors in creating the landscape shown: 



Internal forces: 
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Fig. E 19: The surface of Mars as seen by Viking Lander 2. JPL photograph 78/10/31/014626. Local 
time is S:20pm. The white vertiaal column on the left side of the picture is the Lander's meteorology 
experiment boom. 
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External forces 



Nature of the surface material 



ERIC 



Time involved; 



b. Are ali of the craters shown about the same age? Explain. 



c. Why do some regions of Mars have a higher crater density than other regions? 



PART F: POLAR REGIONS OF MARS 

1 2. Ffgure 5.21 

Location 71^S, 30^30'W 

In this portion of the south polar region Is a series of ledges shown by the dark lines. 
Assume that each ledge Is of similar thickness. The area shown is 88.5 by 63.5 kilometers. 

a. Where on this photograph would the steepest terrain be found? 



b. How is this photograph like a topographic map? 



c. Is there any evidence to show whether this area is an old landscape or a young one 



Figure 5-22 

Location 89^N, 200^W 
North Polar Frost Cap 

Like the Earth, Mars has polar ice caps. The view shown is during the martian summer. Th 
ice cap measures about 1000 kilo neters in diameter. There appear to be deposits of du? 
(windblown) interlayered with the ice, 

a. What do the layers probably indicate? 



b. Under what conditions could an ice cap of frozen carbon dioxide form? 



Figure 5,23 
Location 80"N, 48"W 

This view of Mars' north polar ice cap shows the layered deposits beneath the cap and man 
topographic features surrounding the cap. 

a. What agents of erosion were probably active in the creation of the landscape featun 
shown in this photograph? 
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PART G; SUMMARY QUESTIONS 



15. Figure 5, 12 

Full Globe View 

Details seen on the close up views are often not visible on fulUpianet photograph- . Examine 
the full globe view and answer the following questions: 

a. What types of landforms are visible on the fuli-planet view? 



e. 



b. What evidence of volcanism is visible? 



c. Are there any impact craters visible? 



d. Could any one single factor be considered the most important one in creating the mar^ 
tian iandscape^ Explaif^ your answer. 



From examination of the close-up views of Mars, what agents have been important in 
creating the landscape of Mars? 



f. Which of these agents is not visible on the fulhplanet view: 



GEOLOGICAL FEATURES OF MARS 



(Instructor's Notes) 

OBJECTIVE 

Using photographi of the martian landscape, the student will be able to describe the dominant geologic 
forces which produced the landscape features examined. 

DBSCRIPTIOM 

There are many reasons for studying other planets^ not the least of which is to better understand our own 
planet and its evolution. The same basic erosional and weathering forces found on Earth also exist to some 
degree on sorne of the other planets. In this exercise, the student will examine photographs of Mars taken 
by spacecraft, and by careful analysis, draw conclusions about the events that have occurred. In the analysis 
of the martian photos it is important for the student to remember that four factors interact to produce the 
observed landscape features' 1) the nature of the surface materials, 2) internal forces. 3) external forces, 
and 4) time involved. Much of the surface of Mars is covered by either heavily cratered plains, windblown 
deposits, or polar ice. Volcanic deposits are common on Mars and cover extensive areas. The large volcanic 
features on Mars and vast tectonicaily-modified regions are the result of internal forces. Weathering and 
erosion are examples of external forces. The most active agents of erosion on the martian landscape appear 
to be wind (which produces extensive dune fields), running water ( vhich produced some of the channels) 
and gravity (which is responsible for the mass wasting features of the canyon areas). Except for cratering, 
significant modification of landscape features by externa! forces has not occurred on the Moon and Mercury, 
The role of time in the creation of landscape features is of special significance. Few of the Earth's present 
landscape features are more than a few million years old, and there are almost no landscapes which are 
more than 10 million years old. Many martian features are several hundred million years old, some are 
even over a billion years old, 

REFERENCES 

Entire issue of the Journa/ of G&ophys/ca/ Rasearoh^ vol, 82, no. 28, September 30, 1977, scientific results 
of the Viking project. 

Entire issue of the Journa/ of Geophysical Research, vol- 84, no, B14, December 30, 1979, Second Mars 
Colloquium. 

Entire \%m% Scientific American, September, 1975, 
Entire issue oi Sc fence, vol. 194, no. 4260, October 1, 1976. 

PRE^LAB DISCUSSION 

If students are not familiar with the factors that interact to produce landscapes, these factors should be 
discussed. The signigicance of the study of other planets is also an important area for discussion. Learning 
more about the Earth from the study of other planets is a point to stress through discussion. 
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C3E0L0GICAL FEATURES OF MARS 
(Instructor's Key) 



PART A: VOLCANIC FEATURES OF MARS ^ AMONG THE MOST FAMOUS OF THE 
MARTIAN-FEATURES ARE THE GIANT VOLCANOES 

1 , Figure 2A 

Location 18^N, 133'W 
Olympus Mons 

Olympus Mons is a shield volcano 550 km in diameter, towering 24 km above the surround- 
ing plain. Around its base Is an escarpment (steep cliff) which Is up to 6 km high; its origin 
is unknown. 

a. Is the caldera on top of the mountain a simple crater or a cornplex system of craters? 
ft is a group or systefn of craters. 

b. What could cause the unusual structure of the caldera? 



Multiple crater collapses within the caldera or explosive removal of the upper part of the caldera. A 
collapse could be caused by withdrawal of magma from below. 



2 Figure 5. 13 

Location 13^24 'S, 4r30%V 
Equatorial plateau 

This is the edge of the equatorial plateau region. The plateau was probably formed by a 
series of lava flows. 

a. What does the small number of craters on the plateau indicate about the probable age 
of the plateau? 

The small number indicates that the plateau is relatively young. 



b. Which agent of erosion could cause an escarpment such as shown here? Notice the edge 
is sharp without the branching channels typically found on Earth, 

Mass movement, such as landslides or slumping, would be responsible for this feature. There is 
little evidence of erosion by water 
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PART B: T!-b GREAT CANYONS 



3, Figure 5, 14 

Tithoniu^:; Chasma, Location 89°W 
I us Chas: a 

Note *h ^ j'-nerai patterns of the canyons. Each canyon is about 60 km wide and 1 km deep. 

a. What ty; . ' of feature on Earth does this landscape resemble? 
A canyon or a ravine. 

b. How might a feature such as this one form? 

Answers witf vary. Water or lava flows might be suggest eel fn fact th& steep, sharp waiis and huge 
dimensions argue for tectonic (crustal movement J causes, /t is possible that local subsidence along 
fault lines caused the canyons, 

c. Thgre is a sharp ridge along the center of this canyon which should not be found in a 
typical water-cut canyon. What do you suppose caused this ridge? 

Answers will vary. The ridge may ha^e been the result of block-faulting. 



PART C: EVIDENCE OF WATER ON MARS 
4. Figure 5.15 and Figure 5.12 

No liquid water has been found on Mars and little water is contained in the atmosphere, 

a. Where could water be trapped on Mars? 

In the polar caps. Although not obvious in the pictures, most geologists believe that significant 
amounts of water are trapped as ice in a permafrost lay en 

b. How do we know that liquid water ever eKisted on Mars? 

Answers will vary. Some students may already be aware of erosional features on Mars and will there- 
fore be able to answer correctly. 



5. F igure 5, 16 

Location 4=N, 27'^30'W 
Tlu Vallis 

Shown here is i^ channel about 45 kilometers wide. Note the flat areas near the channel 
banks, the small channels which seem to braid together, and the teardrop shaped islands. 
This evidence points to erosion and deposition by water. 
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What evidence is shown in the photoaranh to indicate the direction the wate^ tioweaf 
The shape of the islands {tear-droppedL The pointed tail is directed downstremrL 

Examine the entire landscape shown in this photograph. Notice the bumpy, hum= 
mocky landscape around the channel. Note the channel. List the sequence of events 
that might have created this landscape from the first event to the present. Remember 
that the agents of erosion which have modified the landscapes on Mars are runnmg 
water, wind and gravity. 



7. Creation of hummocky terrain 

2, Water erosion and creation of islands — terraces 

3, Impact crnt&ring 

4, Wind erosion 



F igure 5. 1 7 
Location 17'N, 55'W 
West of Chryse Planitia 

Notice the series of channels apparently cut by running water. 
Were the channels cut before the period of cratering? 
They were cut during the cratering period. 



v^hat evidence is there for this conclusion? 

Sonw channels cut across the craters, others are interrupted or superposed by craters. Thus, neither 
came first, but both were contemporaneous. 

What evidence is shown to indicate the direction of stream flow? 

777^ channers dendritic pattern indicates flow was from left to right The branches feed into main 
channels in that direction. 



Figure 5. 18 
Location 22'N, 33"W 
Eastern part of Chryse region 

This view of the eastern part of the Chryse region is near the Viking I landing site. Note 
the teardrop^shaped features around the craters. 



What evidence is there to indicate the flow direction in this channel? 

The teat Jrop-shapmJ islands point downstraBm.. 



b. Are all craters in this photograph older than the stream-type channel? 

While some of the craters may pre-date the channel, the ejecta patteiri In several f$ superimposed on 
channel ftjturi^s, thereby showing that thesa craters, at least, form ad after the channel. 

PART D: AEOLIAN FEATURES ON MARS 

8, Figure 3.2 

Location 47^S, 330^W 
Hellespontus 

Winds on Mars are probably important landscape changing agents. Flowing at speeds of over 
100 mph for long periods of time, they are capable of changing many surface features. 

a. What wind-produced landscape feature is shown on the floor of this large crater? 

Dun&s and dune like structures. Whether it is "sand'' cannot be determined from the pictures. 



b. What evidence is shown In this photograph to indicate wind direction? 

The structures can be interpreted as transversa dunes because of the parallel, linear ridge configuration 
and close spacing (although the dunes are more complex than that). As on Earth the prevailing wind 
must be at right angles to the dunes. In this case the general wind direction is from the southwest. The 
dark streaks south of the dunes and other regional indicators not visible in the picture corroborate this. 

c. What are the approximate dimensions of the ridges in the crater (width, length)? 

The distance between ridge crests is approximately 2 km. The ^ength of any one ridge is between 
10 and 20 km. 

d. What does the presence of the ridges Indicate about the type of material that makes 
up the martian surface in this area? 

It is unconsolidat&d sand-like material, unconsolidated because it can be moved around, and sand- 
like because our terrestrial experience reQuires it to form dunes. 
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9. Figures 3,3 and 3,4 

a. What evidence of wind erosion is shown here: 



Bright &nd dark streaks emarjaw from craters in Figure 3.3 suggmting s&dfm&nt transport by wind. 
The yardangs in Figure 3.4 are carved by wind. 



b. How could wind direction be determined: 

The streaks "tail -out" of the crater with the wind; they are fike wind socks at an airport. The fluted 
valleys between the yardan^ are aligned with the wind. Detailed examination could reveal the direc- 
tion along that axis. 

10. Figure 5.19 

Location 47^N, 226^W 
Utopia Planltia 

Two theories have been advanced to explain the texture of the rocks seen at the Viking 
Lander 2 site: 1) they are volcanic "and their surface Is vesicular; that is, full of holes 
formed by gas escaping while they were still hot; and 2) they are probably igneous and have 
pits formed by the etching out of softer minerals by erosive action of windblown sand 
particles. - 

a. Examining other features in this photograph, what evidence indicates features due to 
action by wind? 

There are several small, rippled, dune-like deposits present in the center of the photograph, indicating 
that a sustained wind blew acrom this region at some time in the geologic past. 



PART E: ANCIENT TERRAIN OF MARS 

11, Figure 5.20 

Location 24^S, 5^30*W 
Sinus Meridiani 

Among the oldest of the martian features are the heavily cratered area^. In areas such as 
these, many different processes may have operated to create the landscape shown. 

a. From your knowledge of the factors that control the landscape form (Internal forces 
such as volcanism, external forces such as erosion by water, the type of rock, such as 
lava or Mnd, and the amount of time Involved), describe the role of each of these 
factors in creating the landscape shown: 

Internal forces: 

There appear to be ridg^ at various places between the craters, particularly in the southwest corner. 
They may be indicative of lava flows^ where the ridgm r^rment the leading edges, or lobes, of the 
flow. 
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External forces: 



/mpBCt crarering, erosion by water as shown by the dendritic channeling, and &rosion ty wind as 
shown by the darJc patches and bright streai<s in and around craters. 

fsiature of the surface materia!: 

There is probabfy a covering of some loose-unconsoltdated material co\/ering a solid bedrock of 
igneous material [lava flows). 

Time involved: 

The number of different procemes fcr an extended period of time from the earliest lava flows 

to aratering to channeling to wind en. sion 



b. Are all of the craters shov^n about the same age? Explain, 

No^ some craters are sharp and crisp and some are degraded or eroded. 



c. Why do some regions of Mars have a higher crater density than other regions? 

Internal forces may not be as active as on other regions of the planet. 
3, External forces may not be equally active^ L e., wind and water erosion. 

3. Regions with a higher crater density may be geologically older. 

4. Surface material may bury some craters. 



RT F: POLAR REGIONS OF MARS 
Figure 5.21 

Location 71^S,30^30'W 

In this portion of the south polar region is a series of ledges shown by the dark lines. 
Assume that each ledge is of similar thickness. The area shown is 88.5 by 63.5 kilometers. 

a. Where on this photograph would the steepest terrain be found? 

Where the lines are closest togethen you would find the steepest terrain. 
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b. How is this photograph like a topographic map? 

ThB i&dges in the terrain are like contour lines on a topographic map. 



c. Is there any evidence to show whether this area is an old landscape or a young one? 
Ther& are very few craters, which inc/icares that this is a relatively young area. 



13. Figure 5,22 

Location 200^W 
North Polar Frost Cap 

Like the Earth, Mars has polar ice caps. The view shown is during the martian summer. The 
ice cap measures about 1000 kilometers in diameter. There appear to be deposits of dust 
{windblown) inter|ayered with the ice. 

a. What do the layers probably indicate? 

Periodic deposition of ice, then dust, then ice; i.e. a seasonal extension and retreat of the ice cap with 
airborne sediment cieposition between. 

b. Under what conditions could an ice cap of frozen carbon dioxide form? I 
ft has to be cold and there has to be a source of carbon dioxtde. j 



14. Figure 5.23 

Location 80^N,48^' 



This view of Mars' north polar ice cap shows the layered deposits beneath the cap and many 
topographic features surrounding the cap. 

a. What agents of erosion were probably active in the creation of the landscape features 
shown in this photograph? 

Aeolian - as shown by the dunes in the lower left part of the photograph. 
Meteoroid impact -- as evidenced by the few craters visible. 
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PART G: SUMMARY QUESTiONS 

1 5. Figure 5.1 2 

Full Globe View 

Details seen on the close-up views are often not visible on full-planet photographs. Examine 
the full globe viewv and answer the following questions: 

a. What types of landforrns are visible on the full-planet view? 
Volcano&s, craters, canyons, plains. 

b. What evidence of volcanism Is visible? 
Volcanoes. 

c. Are there any impact craters visible? 
Yes, especiaUy the large basin to the south. 

d. Could any one single factor be considered the most important one in creating the mar- 
tian landscape? Explain your answer. 

It would be very difficult to attribute the creation of the martian landscape to any one factor because 
the nature of the planet is complex. 

e. From examination of the close-up views of Mars, what agents have been important In 
creating the landscape of Mars? 

Wind and water erosion^ impact cratering^ volcanism , and tectonism. 

1 Which of these agents is not visible on the full-planet view: 
Wind and waten 
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The National Aeronautics and^pace Administration produces films descnblng NASA research 
and development programs and achievements in space and aeronautic. These films may bi 
borrowed for showings to educational, civic, industrial, professional, youth and similar groups. They 
may also be shown as unsponsored public service telecasts, unless otherwise indicated. Local vid^ 
tape transfer is enrouraged. Television stations with urgent requirements should call (202) 755^3500. 
There is no rental charge; however, borrowera must pay the cost of return postage and insurance. 

When ordering a film, please give the name, address and zip code of the pereon and the 
organization assuming responsibility for the film. Films cannot be lent to minors. Please specify first 
and alternative choices of showing dates, and list any alternate film desired in case the requested film 
is not available. Please order films at least 30 days in advance of showing date. 



NASA Regional Film Llbrart^ 



If you live in: 

Connecticut 
Delaware 

District of Columbia 

Maine 

Maryland 

Massachusetts 

New Hampshire 

New Jersey 

New York 

Pennsylvania 

Rhode Island 

Vermont 

Alaska 

Arizona 

California 

Hawaii 

Idaho 

Montana 

Nevada 

Oregon 

Utah 

Washington 
Wyoming 

Alabama 
Arkansas 
Iowa 

Louisiana 
Mississippi 
Missouri 
Tennessee 

Florida 
Georgia 
P^rto Rico 
Virgin Islands 



Write to: 

NASA Goddard Space Flight Center 
Public Affairs Office 
Code 202 

Greenbelt, MD 20771 
(301) 344-8101 



NASA Ames Research Cen'-^r 
Public Affairs Office, 204-12 
Moffett Field, CA 94035 
(415) 965-6278 



NASA George C. Marshall Space Flight Center 
Public Affairs Offjce, CA-20 
Marshall Space Flight Center, AL 35812^ 
(205) 453-0040 



NASA John R Kennedy Space Center 
Public Affairs Office 
Code PA'EPS 

Kennedy Space Center, FL 32899 
(305) 867-4444 
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Kentucky NASA Langley Research Center 

North Carollns Mail Stop 145B 

South Carolina Technical Library 

Virginia Hampton, VA 2-3665 

West Virginia (804) 827-^2634 

Illinois NASA Lewis Research Center 

Indiana Office of Educational Services 

Michigan 21000 Brookpark Road 

Minnesota Cleveland, OH 44135 

Ohio (216) 433-4000 ext 708 
Wisconsin 

Colorado NASA Lyndon B. Johnson Space Genter 

Kansas Public Information Branch 

Nebraska Film Distribution Library 

New Mexico Houston. TX 77058 

North Dakota -(71 3) 333-4980 

Oklahoma 

South Dakota 

Texas 



Alaska requesters may also obtain selected NASA film from: 
Alaska State Library ' 
Pouch G 

JuneaUp Alaska 99801 

Requests for NASA films within the Hawaiian Islands can also be referred to The Department of 
Education, State of Hawaii, Office of Library Services, Support Services Branch, 641-18th 
Avenue, Honolulu, HI 96816 ' 



1, For further information, call NASA Audio Visual (202) 755-3500. 

2, Alaska requesters may |lso obtain selected NASA film from: Alaska State Library, Pouch G, 
Juneau, AK 99801 

3, Requests fcrf; NASA films within the Hawaiian Islands can B\m be referred to The Department of 
Education, State of Hawaii, Office of Library Services, Support Services Branch, 641-18th Avenue, 
Honolulu, HI 968ia 

HOW TO ORDER NASA PUBLICATIONS 

NASA also publishes a varied of beautifully Illustrated books and pamphlets on a wide range of 
topics. These publications are extremely useful to educatora A pamphlet'describing these publica- 
tions can be obtained by writing directly to: 

Education Services 

LCG-9 

National Aeronautics and Space Administration 
Washington, DC 20M6 
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A NOTE ABOUT PHOTOGRAPHS 



An essentia! nart of Pianetary Geoiogy is the use of spacecraft photographs. Ideally each stu- 
dent or student team should have access to ilossy photographic prints for use during the laboratory 
eKercises. Photocopies of the pictures in this book (such as xerox copies) generally lack sufficient 
detail to be useful. Offset printing is sliglitly betier, but again this process is at least tfiree gener- 
ations removed from the original product. 

Glossy prints or copy negatives can be obtained for a nominal cost (in some cases for no 
charge) from various sources. Each spacecraft photocraph caption in this book contains the neces- 
sary picture identification numbers to help you in obtaining the photos. Usually the mission name 
(Apollo, Viking! etcj and frame number is sufficient identification. 

Listed below are several sources of space photography. Instructions for ordering photography 
will be provided upon written request. Be sure to include your name, title, the fact that the photo^ 
graphs will be used at a non profit educational institution, and specific phutograph numbers. 

For planetary mission press release photos write to: 

Goddard Space Flight Center 
Public Affairs Office 
Greenbelt, MD 20771 

For telescopic photography of the MoOfi write to: 

Lick Observatory 
University of California 
Santa Cruz, CA 95064 

For lunar mission pfiotograpivy write to: 

Lunar and Planetary Institute 

Photollbrary 

3303 NASA Road 1 

Houston, TX 7705S 

For general spacecraft photography write to: 

Mr. Robert Vostreys 

National Space Science Data Center 

Code 601 

Goddard Space Flight Center 
Greenbelt, MD 20771 

For spacecraft and high altitude aircraft photography of Earth and additional details on space 
photography and maps write to: 

EROS Data Center 
U,S, Geological Survey 
Sioux Falls, SD 57198 



Jet Propulsion Laboratory 
4800 Oak Grove Drive 
Pasadena, CA 91 103 
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SUGGESTED CORRELATION OF TOPICS 



This aativity 



may b& useful whan t&Bching 



UNDERSTANDING THE PHASES OF THE MOON 



Celestial sphere 
Characteristics of the Moon 
Mapping of the Moon 
Motion of the Earth 
Motion of the Moon 
Principles of photography 
Solar and lunar eclipses 
Telescopic views of the Moon 



IMPACT CRATERING 

COMPARING CRATERING PROCESSES 

IMPACT CRATERING ON A RAINY DAY 



Conservation of energy 

Craters on the Earth, Moon, planets 

Kinetic energy 

Meteorites 

Sedimentation processes 

Space 

Strength of geologic materials 
Surface of the Moon 
Wearhering and erosion 



AEOLIAN PROCESS: MARTIAN WIND TUNNEL 



Aerodynamics 

Air and its properties 

Arid lands 

Climate 

Deserts 

Effect of wind 

Environments 

Erosion 

Landforms 

Meteorology 

Weather 



CORICL.IS EFFECT 
CORIOLIS EFFECT: 
CORIOLIS EFFECT: 



DEMONSTRATION 
DEMONSTRATION 



Air and its movements 
Atmospheres 
Circulation of air or sea 
Forces (physics) 
Mechanics (physics) 
Meteorology 
Ocean currents 
Physics 

Rotation of planets 
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STORM SYSTEMS 



Air and its motions 
Air masses 
Atmospheres 
Cyclonic storms 
Forecasting weather 
Fronts, cold and warm 
Meteorology 
Weather satellites 
Winds 



PHOTOGEOLOGIC MAPPING OF THE MOON: 

THE PROVINCES 
PHOTOGEOLOGIC MAPPING OF THE MOON: 

STRATIGRAPHY 



THE PLANETS IN STEREO 



LANDFORM MAPPING: MOON, MERCURY 
AND MARS 



GEOLOGIC FEATURES OF MARS 



Deductive reasoning 

Geologic time 

Geometric relationships 

Geomorphology 

Logic 

Maps 

Moon 

Physiographic provinces 
Remote sensing 
Rock record 
Satellite observations 
Scientific method 
Sedimentation 
Stratigraphy 
Superposition 
Weathering and erosion 

Solid geometry 
Stereoscopic photography 

Comparison of planets 
Geomorphology 
Landforms 
Planets, general 
Space 

Sizes of planets 

Craters 

Erosion 

Geologic time 

Glaciers 

Groundwater 

Lava flows 

Polar climates 

Rivers 

Tectonics 

Volcanoes 

Water in the atmosphere 
Wind 
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SELECTED GLOSSARY FOR PLANETARY GEOLOGY 

AI.BrDC). The pciceiUage i»r the inconuiig radiaiion {luu is retkcied by a surUice, A high aibcdn indicates a 
ligliKnlored te^ioiu a low ulbcdu indicates a dark regiuiu Lunar niaria hLive a h)w albedn: lunar liighlands 
have a high aUiedo. Alliedos niay be diflcreni t'ur difterent wohirs^ 

APOLLO PROCiRANl. A United States sp.^i.*^)grani witli the principle ubjeciives of lundinp a Man un the 
MiituK siudying the Moon's surfuce and inier?M^rt)cesses. and applying the knowledge gained lo a better 
iMuk'tsianding i>i the l-:arlh. 

AHQLlAN. ( I ) Applied to deposits arranged by ihe wind^^'^'^'TTr^^^i^d to erosive action of the wind and to 
deposits so foriued. 

AS\'MMI\TKir. Lacking a riiirror image constructiun on botli sides ot' a dividing line, hi the case of craters any 
diameter should qnalily us a dividing line ibr symmetry to apply. 

iiAKCllAN. A ihnie having a crescent shape. Tfiis ivpe of durie is most characteristic of inland desert rogioiis. 
Barchan ^.tructure^ have been photographed on the surface of Mars. 

CALDLRA. A hnge volcanic depression, more or less circular in lurm and mucli larger than the included voh 
canic vents. Caldera may be tbrmed by three proeesses: explosion, cullap^e and erosion. 

CALORIS BASIN. A very large (1300 km) ringed basin un the surtace of Mercury. 

CIIR^'SL PLANITIA. A large plain on Nfurs which is the landing site for Viking L 

CONLS. Small angular peaks, conimon on some mare aisd crater Hours, tbrnied by volcanisnu 

COPLRiNICUS. A welbknown lunar impact crater about 90 km in diametei and possessing a welLdenned ejecta 
blankei %viih long rays: nanied for the Polish asironomer. 

C ORlULiS LFFLCT. The results of the Curiulis t\jrce (see Coriolis ibree). 

CORIOLIS FORCH. The apparent Ibrce caused by the roiaiion of an object (such as the liarlh) which serves 
to dellect a nuwing body on the surtace. The Coriulis force causes ocean currents lu be denecied to their 
right it) the Northern Hemisphere on Larih. 

CRATUR. H) A bowbshaped topographic depression with steep slopes: (2) A volcanic uritlce. Craters are 
tornied by three processes; impact, as from a nietec^rite. cmpiive, as froni a volcanic eruption, imdexpla- 
5/iv, as from a nuclear blast. All three types are tbund on Earth. Only the nrsi two have been seen on other 
planets. 

CRA7 LRLD THRRAIN. An expanse of a planetary surface possessing a large tumiber atid variety of craters. 

CROSS SliCTlON. A protHe or vertical section through the surface to show possible ruck siruclures beneath. 

CVCLQNH. A citcular or nearly circular area of low atUKispheric pressure around which winds bluw counier- 
chjckwise in the n<>rlhern hemisphere and clocksvise in ilie southern hemisphere. 

DLIMOS. I he smaller (>( Mars' two nu)0ns. ineasLiing 13x9 kilometers. Deimos orbits Mars every 30.3 hours in 
n west to east directinn. 

I)LP()SlTlON= Tfie hivitiu dou'ri of potential rockdbrniing material: sedimentatifuu 
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DiASTROPlilSM. The process ur pruce^scs by wliicli rock inutcriul k uefornied= 
DOMII. SinalL rounacd hill. Often !\imicd ilirougli igneous activity. 
DUNli. A low hill or bunk of drified sand. 



EJHCTA. Any of a varieiy of rock fragments thrown out of a crater during formation and subsequenily depos- 
ited ballisticaily on the surrounding terrain. The deposits themselves are called the ejecta blanket. 

bOLIAN. See "Aeulian." 

EROSION. The group of processes whereby rock material is removed and transported. There are lour agents of 
erosion: running water, wind, glacial ice. and gravity (ma?i wasting). 

[iKUPTlVU CRATER. Sue ^'Crater." 

EXPLOSION CRATER. See ^^Craier.^^ 

FLOOR The low inner part or botioni of a crater. 

FORMATION. The basic geologic unit used in iiiapping. A body of rock having recognizable upper and lower 
boundaries easily distinguishable from other materiais and large enough to be a practical mapping unit. 

GEOLOGIC MAR A drawing, usually in color, which indicates surtace geologic structure in a regioiL 

GEOMORPHOLOGY. The branch of geology which deals witli the form of the Earth and the changes which 
lake place in the evolution of land fornis. 

GRADATION, The process of weathering rocks by disintegration and decomposition so th-t li.ey can be erod- 
ed, transported and deposited in other areas. Gradation acts through the agents of erosion, 

HIGHLAND TERRAIN. See ^Terrae/' 

IGNEOUS Rock type fbrmed from molten ruck material: process involving molten rock material, 

IMBRIUM BASIN. The largest of the lunar basins; probably formed as a result of impact from a large comet or 
asteroid with the Moon about 3.95 billion years ago. The many concentric rhigs appear to be faults pro- 
duced by gravitational collapse ftillowlng the impact event which created the basin. 

IMPACT CRATER. See ^^Crater.'^ 

JOVIAN PLANET, The major, or giant, planets that are characterized by great total mass, low average density, 
and abundance of the lighter elements (notably hydrogen and helium). The Jovian planets are Jupiter, 
Saturn, Uranus, and Neptune. 

LANDFORM. Surface features such as mountain ranges, plains, and canytms. 
LAVA. Molten rock (magma) or such material after cooling, 
LAVA FLOW. A sheet of cooled lava. 

LUNAR HIGHLANDS. The light-colured. heavily cratered mountain us part of the lunar landscape. 

LUNAR ORBITER. A series of five unmanned bpacecrafi launched in the I950*s to gather photographic data 
abo^i^ e Mot. (U.S.). 
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MACJMA. Molion rock niaicriai ucficniteu hcn^aiii the sii! fjcc iM' u planoK 

MARH (singuiai). MARIA (plural K The smooilu Hal ph\m areas of ilie Mooiu Maria can be recugnl/cd by their 
low uibcdo (dark appearance). They consist ot' basaltic lavas overlain by regoliih. 

MARH ORIENTALLL A ^)00 kllomeier circular basin lucated on one edge of the Moon, as seen from Hurlh. 

MARlNnR. Siardocked unmanned U.S. Spacecrafi used for electromagneilc (includiny phoiographic) and 

graviiaiional studies of tlie planets. 
MASCONS. ^^Mass-concenirations'' indicatina regions of high density rnateriaL Mascuns are cummonly n^und 

within simie lunar basins. 

MHTEOR. The luminous phenomena which occurs when a meieoroiU enters the Earth s uiniusphere. 
MHTEORITE. A nwtcroid that has survived its Hight through the atmosphere and lands on the surface of a planet. 
MHTHORQID. A ineicoritic particle tfiai is still in space. 

MOSAIC A picture formed by maiclung together parts of two ()r mure overlapping photugraphs. 

OLYMPUS MONS. Formerly called Nix Olynipica; the largest of the marllan volcanoes. Located ai IS^^N, 
133^W. It is a shield volcano 500 km in diameter and 14 km in height above the surrounding plains. 

PETROLOGY . The study of rock^ 

PliOBOS. The largest of the two martian moons. Measures 23 x 16 km and revolves once every 7.7 Hours in a 
west to east direction with a synchronous rotaiion. 

PHOTOMOSAIC. See "Mosaic/' 

PIONEER. A class of spin'Stahili/cd spacecraft; the nrst exploratifin of Jupiter was conducied by Pioneers 10 
and 1 I . 

PLANETARY ACCRETION. The process by which planets arc believed ic^ have grown to their present size by 
the accumulatiun of much smaller bodies into a sin^e large mass by gravitation. 

PLANETARY GEOLOGY. The study of the geology of the Moon, planets, and other solid surtace ubjects. 

PLANETESIMAU Large bodies in the solar system which are less than planet sixe. 

RAYS. LiuhKolored streaks radiating from impact craters. 

REGOLITH. The entire layer ()r mantle ai tfagmental and loose rock material. 

RELATIVE TIME SCALE A time scale based on the order in which a series of events occurred. 

RiLLES ChanneMike depressions on the lunar surtace. Three basic types have been idenlined: linear riUes are 
hrm relatively straight depressions often several kilometers wide and hundreds of kilometers long, They 
curacross crater rims: Sinuous riUes are generaUy found on lava surtnces and are thought to be lava channels 
or collapsed lava tubes. Irregularly brancHng lilles are thought to be formed by rnicturing. 

RINGED BASINS. Large crater^torniod basins, siich as the Imbrium Basin un the Moon or the Caloris Basin on 
MercuTV- that contain one or more topopraphically raised rings. They are thuughi to represent nnpacl scars 
from pianetesimals. It is possible that such structures occurred on Earth, but tectonic processes and ero- 
sional forces have masked the structures. 
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R(M, The raised ouier uilge itt' a wraioi, 

RIM A. The hneriutifHial Astronoiiucal Uniiin's Laiiii ierin for rillo (sec KlLLHS). 



ROTATION. The act iirspiniiuig ubout an niienial axis. 

SATHLLITH. A snuiU hiuiy in ofbii arouiul a larger objecu The liarih is u salclhlc of the Suiu The Moun is a 
satcnite i>f the I-urih. 

SlTT)NnARN' CRATER . rnrnicd when hhicks ejecled frnm a primary crater strike the surrounding surtace, 
crcaimii uinnher crater = 

Sl;LI^NOL0G^. Tiie ^luily ot' ihc Mooiu 

STKATlCRAPinV Th^ branch of ueohigy which treats the fonnalioiu compi^siiioii. sequence and correlutiun of 
St rat Hied i«K"ks. 

SL1*I^RP0SITIC)N. Ihc order m whicii rock< :ire placcii above one ani)tl\er. Tlic Principle i?f Superpusiiion stales 
tfiul in iin undisturbed sequence of rocks, ihe oldest rocks shoLdd be on the boitoni of thu sccjuence, 

Tin^MlNATOR. 1 he dividing line between light and darkness on a planet (day/nighi line). 

1 hKRAl;. The iiiuhiand reuions of tlic Moon. Typicaily. the [errae are iieavily craiereJ wnh large, nlihjppejriug 
craters on a riigged surtace with Itigh albedo. 

Ti-HR1{STR1AL PLANhT. The Harth-like planets posbessing solid crusts. The torresirial planets are Mercury, 
Venus, lun ilu Mars, and possibly Pluto. Many of thu satellites also inay be terrestrial in nature, Terresirial 
plaffets are cliaracteri/ed by a snialler diameter and higher percentage of the heavier elements than the 
Jtivlan or major planets. 

UNIFDRMITARIANISM . A geological principle prijpused by tiuilon which basicaliy stales that ihe present is 
ifie key to the past. Processes at vvork today on ilie surtace are the same prticesses which haye been in efiect 
ilirouuliout lime. Thri)uuh ilie study of present processes, it is pcjssible w understand past events* 

VIklNCf. U.S. Mariner-class spacecraft for the exploration of Mars. Two orbiters and Isvo laiulcrs. 

VOLCANISM. a form of igneous acliviiy involving the extrusion of magma at or ne;n ^-le surtace. 

VOLCANO. A vent in thu crust irom which molten lava, gases and/or pyroclastic materials issue. Volcanic 
cijnes are of three basic forms: shiuiU. which is composed of lava sheets, ctnden which is compused of 
volcanic ash. and Cffniposifi/, made of alternatinu lava and ash layers. 

VOVAGHR. U.S. Mariner class spacecraft used tor the exploration of the Jovian planets. 

WRATIIKRING. The processes whereby rocks chemically change and/or physically decay and crumble in 
response tt» surhicc coiiditions. 

WRINKLl: RlDCihS . A general term applied to a variety of lunar ridges wllicii have subtle differences inanor= 
pholony. Some wrinkle ridges appear to be lowsmgle tlirust-faulted siirtaces produced by cunipressiuna! 
stresses, other ridges appear to be related lo the emplacement of mare lavas. 

VAKDANGS . Irregular ridges formed by aeolian ( wind) eri^sion. 
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